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Glossary 
AMP /ATP Adenosinmonophosphate / Adenosintriphosphate 
AmpR Ampicillin resistance 
ASU Asymmetric unit 
ATR Adenosyltransferase 
BhbA Bromoxynil reductive dehalogenase 
BP /CP /IP Bromo- / Chloro- / Iodophenol 
BvcA Vinyl chloride RDase of Dehalococcoides mccartyi BAV1 
Bza Benzimidazole 
Cba Cobamide 
CfrA Chloroform reductive dehalogenase 
[CoI-III] Cobamide cofactor in the respective oxidation states of the cobalt ion 
CoA Coenzyme A 
CobC Adenosylcobalamin/alpha-ribazole phosphatase 
CobT Nicotinate-nucleotide dimethylbenzimidazole phosphoribosyltransferase 
CODH Carbon monoxide dehydrogenase 
CprA 3-chloro-4-hydroxyphenylacetate reductive dehalogenase 
CtrA Trichloroethane reductive dehalogenase 
CV Column volume 
DBA /DCA /DFA Dibromo- /dichloro- /difluoroethane (ethylene dihalide) 
DBE /DCE Dibromo- / Dichloroethene 
DBP /DCP /DFP Dibromo- / Dichloro- / Difluorophenol 
DcaA Dichloroethane reductive dehalogenase 
DcaT Trigger-factor like chaperone for DcaA 
DcpA Dichloropropane reductive dehalogenase 
DFG German Research Foundation 
DMB 5,6-Dimethylbenzimidazole 
DNA Deoxyribonucleic acid  
DNO2Bza 5,6-Dinitrobenzimidazole 
DOMeBza 5,6-Dimethoxybenzimidazole 
DSMZ German Collection of Microorganisms and Cell Cultures 
DTPA Diethylene triamine pentaacetic acid 
DTT Dithiothreitol 
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EDTA Ethylene diamine tetraacetic acid 
EPR Electron paramagnetic resonance  
ESI-HMRS Electrospray ionization high-resolution mass spectrometry 
FMN Flavin mononucleotide 
FOR1530 Research Unit: Anaerobic biological dehalogenation 
GC(-MS) Gas chromatography (- mass spectrometry) 
GSH/GS- Glutathione / glutathione thiolate  
GST Glutathione-S-transferase  
Isc Iron-sulfur-cluster formation 
ITO indium tin oxide 
KanR Kanamycin resistance 
kcat Catalytic activity 
Km Michaelis constant 
MCA Monochloroethane 
MMACHC Methylmalonic aciduria cblC type with homocysteinuria 
MeBza Methylbenzimidazole 
NAD(P) Nicotinamide adenine dinucleotide (phosphate) 
nc No conversion 
ND / n.d. Not determined 
NCba Norcobamide (i.e., the cobamide is lacking a methyl group at C176) 
NMR Nuclear magnetic resonance 
NpRdhA Ortho-dibromophenol RDase of Nitratireductor pacificus 
OD Optical density 
OH-B12 Hydroxycobalamin 
OHBza Hydroxybenzimidazole 
OMeBza Methoxybenzimidazole 
PCE Tetrachloroethene / perchloroethylene 
PceA Tetrachloroethene reductive dehalogenase 
PceT Trigger-factor like chaperone for PceA 
PCR Polymerase chain reaction 
PDB Protein Data Bank 
PEG Polyethylene glycol 
PGE Pyrolytic graphite edge 
pKa Logarithmic acid dissociation constant 
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prePceA Precursor of PceA 
QueG Epoxyqueuosine reductase 
RDase /RdhA Reductive dehalogenase 
RdhB Putative membrane anchor of RDases  
RdhT Putative trigger-factor like chaperone for RDases 
RSQ Residue-specific quality 
RT Room temperature 
SDS-PAGE Sodium dodecyl sulfate – polyacrylamide gel electrophoresis  
SHE Standard hydrogen electrode  
SN2 Bimolecular nucleophilic substitution 
SSC Saline sodium citrate   
Suf  Sulfur mobilization 
Tat Twin arginine translocation peptide 
TBE /TCE Tribromo- / Trichloroethene 
TBP /TCP /TFP Tribromo- / Trichloro- / Trifluorophenol 
TCA Trichloroethane  
TcbA Tetrachlorobenzene reductive dehalogenase 
TCEP Tris(2-carboxylethyl)phosphine 
TCHQ Tetrachlorohydroquinone 
TeCA Tetrachloroethane 
TetR Tetracycline resistance 
TmrA Trichloromethane reductive dehalogenase 
TOF Turnover frequency 
TON Turnover number 
tRNA Transfer ribonucleic acid 
(U)HPLC (Ultra) high performance liquid chromatography 
UV(-vis) Ultraviolet (-visible) 
VB /VC Vinyl bromide /Vinyl chloride 
VcrA Vinyl chloride reductive dehalogenase 
Vmax Maximal velocity 
WT Wild type strain 
X-ray X-radiation (roentgen radiation) 
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Summary 
Biological degradation of persistent natural and synthetic halogenated hydrocarbons 
(organohalides) in anoxic environments is a vital part of the global halogen cycle. Cobamide-
containing reductive dehalogenases (RDases) from organohalide-respiring bacteria play a key 
role in this process, since they utilize these compounds as terminal electron acceptors in a 
respiratory chain. So far, our knowledge about RDases was mainly limited to substrate ranges 
determined for several representatives and in some cases identification of cofactors and their 
redox states. In this study, the biochemical characterization of RDases was expanded towards 
structure and function analysis. 
The structure of a tetrachloroethene-converting RDase (PceA) was elucidated by X-ray 
crystallography. Its comparison with the crystal structure of a non-respiratory ortho-
dibromophenol RDase revealed two highly conserved elements, the topology of the 
intramolecular electron transfer chain and a Tyr-Arg/Lys pair in the active site involved in 
proton transfer to the substrate during halogen substitution reactions. The catalytically active 
cobamide cofactor was shown to be non-covalently bound in a permanent ‘base-off’ 
conformation with a weak water/hydroxyl group as upper axial ligand, thus facilitating the 
effective reduction of the cobalt ion in the course of the reaction. A variability in the utilization 
of different cobamide cofactors without the loss of dehalogenating ativity in PceA was observed 
based on guided biosynthesis towards different cobamide derivatives in the host organism. The 
distant positioning of the substrates in the active site of PceA crystals and the absence of an 
intimate cobalt-substrate interaction tracked with electron paramagnetic resonance 
spectroscopy suggested a dissociative long-range electron transfer mechanism for this enzyme. 
The catalytic cycle of dihaloeliminating RDases, a distinct mode of reductive dehalogenation, 
could be clearly distinguished from the halogen substitution mechanism by the need of proton 
transfer steps when heterologously produced RDase representatives for each reaction where 
applied to comparable site-directed mutagenesis. An extensive influence of the active site 
architecture on the substrate range of the enzyme and its reaction mechanism was discussed.  
RDases could be unambiguously differentiated from other cobamide-containing 
biological catalysts like adenosycobalamin-dependent enzymes and methyltransferases. A 
reaction mechanism based on a dissociative long-range electron transfer directly from the cobalt 
in the center of the enzyme's cofactor to the substrate represents an unprecedented way of 
utilizing a cobamide in the multifarious chemistry of cobamide-containing enzymes.  
ZUSAMMENFASSUNG 
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Zusammenfassung 
Der biologische Abbau von langlebigen, natürlichen und synthetischen, halogenierten 
Kohlenwasserstoffen (Organohaliden) in sauerstofffreien Umgebungen ist ein wichtiger 
Bestandteil des globalen Halogenkreislaufs. Cobamid-enthaltende reduktive Dehalogenasen 
(RDasen) aus Organohalid-respirierenden Bakterien spielen eine zentrale Rolle in diesem 
Prozess, da sie diese Verbindungen als terminale Elektronenakzeptoren in einer Atmungskette 
verwenden. Bislang ist unser Wissen über RDasen hauptsächlich auf die Substratvielfalt einiger 
Vertreter und in bestimmten Fällen auf die Identifizierung von Kofaktoren und deren 
Redoxzustände begrenzt. In dieser Studie wurde die biochemische Charakterisierung von 
RDasen auf Struktur- und Funktionsanalyse erweitert.  
Die Struktur einer Tetrachlorethen-umsetzenden RDase (PceA) wurde mittels 
Röntgenkristallographie aufgeklärt. Der Vergleich mit der Kristallstruktur einer nicht-
respirierenden ortho-Dibromphenol RDase offenbarte zwei hoch konservierte Elemente, die 
Anordnung der intramolekularen Elektronentransferkette und ein Tyr-Arg/Lys Paar im aktiven 
Zentrum, welches während der Halogensubstitutionsreaktion am Protonentransfer zum Substrat 
beteiligt ist. Es konnte gezeigt werden, dass der katalytisch-aktive Cobamid-Kofaktor nicht-
kovalent in einer stabil bleibenden „base-off“ Konformation mit einem schwachen 
Wassermolekül/ einer schwachen Hydroxylgruppe als oberem Liganden gebunden wird, und 
somit die effektive Reduktion des Cobaltions im Verlauf der Reaktion erleichtert. Basierend 
auf einer gesteuerten Biosynthese von verschiedener Cobamid-Drivaten im Wirtsorganismus, 
konnte eine Variabilität in der Nutzung von unterschiedlichen Cobamid-Kofaktoren ohne 
Verlust in der Dehalgenierungsaktivität in PceA beobachtet werden. Eine distanzierte 
Positionierung von Substraten im aktiven Zentrum der PceA-Kristalle und das Fernbleiben von 
engeren Cobalt-Substrat-Interaktionen während Elektronenparamagnetischer Resonanz-
spektroskopie weißen auf einen dissoziativen weitreichenden Elektronentransfermechanismus 
hin. Der katalytische Zyklus von dihaloeliminierenden RDasen, eine andere Art der reduktiven 
Dehalogenierung, konnte über die Notwendigkeit von Protontransferschritten deutlich vom 
Halogensubstitutionsmechanismus unterschieden werden, als heterolog produzierte RDase-
Vertreter von jeder Reaktionsart mittels ortsgerichteter Mutagenese verglichen wurden. Ein 
extensiver Einfluss der Architekur des aktiven Zentrums auf das Substratspektrum des Enzyms 
und dessen Reaktionsmechanismus wurde erörtert.  
RDases konnten eindeutig von anderen Cobamid-enthaltenden biologischen Katalysa- 
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toren wie Adenosylcobalamin-abhängigen Enzymen und Methyltransferasen abgegrenzt 
werden. Ein Reaktionsmechanismus basierend auf einem dissoziativen weitreichenden 
Elektronentransfer direkt vom Cobaltion im Zentrum des Proteinkofaktors zum Substrat stellt 
eine beispiellose Möglichkeit der Nutzung von Cobamiden in der vielfältigen Chemie von 
Cobamid-enthaltenden Enzymen dar.    
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1 Introduction       
 
 
1.1 Organohalides in a global perspective 
Organohalides are hydrocarbons containing at least one carbon-halogen (chlorine, bromine, 
iodine or fluorine) bond. Until the early 1970s, it was believed that organohalides are 
exclusively of anthropogenic origin and that the formation of carbon-halogen bonds in living 
organisms occurs only rarely. Halogenated compounds are used as solvents and industrial 
chemicals, as preservative agents for leather, vegetable fibres or dyes, as desinfectants or also 
as pesticides, fungicides or insecticides. Today we know, this actually represents only a small 
percentage of the total organohalide production. Halogenated alkyl and aryl halides occur 
ubiquitously in nature. So far, more than 5000 natural halogenated hydrocarbons have been 
identified (Gribble, 2003; Gribble, 2012). They derive from natural abiogenic sources such as 
volcanoes, rock disruption, biomass fires, or also from the decomposition of soil organic matter 
and processes of soil humus formation (Gribble, 2003; Jordan et al., 2000; Leri et al., 2007). 
Most of them are even produced by living organisms (Gribble, 2003; Gribble, 2012; Cabrita et 
al., 2010; Field and Wijnberg, 2003). Basidiomycete fungi involved in the decomposition of 
forest litter and lignin, bacteria, marine sponges, algae species, lichen as well as terrestrial plants 
produce large quantities of chlorinated and brominated phenols, biphenyls, benzoates, methyl 
ethers, dioxins, terpenes or halogenated alkanes and alkenes (Abrahamson et al., 1995; Swarts 
et al., 1996; de Jong and Field, 1997; McConnell and Fenical, 1977; Swarts et al. 1998; Giese 
et al., 1999; Harper and Hamilton, 2003; Gribble, 2003; Gribble, 2004; Paul and Pohnert, 2011; 
Walker and Chang, 2014). Even animals like grasshoppers, cockroaches, ticks or termites 
produce chlorinated phenols or chloroform as sex hormones, pheromones or repellents 
(Gribble, 1992; Gribble, 2003) and mammals synthesize tetra- and triiodothyronine known as 
thyroid hormones (Rokita et al., 2010). Due to the physicochemical properties of the halogen 
substituents organohalides are mostly toxic and hazardous. An increasing number of halogen 
substituents led to decreased water solubility and conversely increased lipophilicity. Thus, 
organohalides adsorb on the surface of organic hydrocarbons and accumulate in soil, oceans, 
surface and ground water and even in food chains. In addition, halogenated methanes and 
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ethenes are highly volatile and detectable in high concentrations in the atmosphere. Today, 
organohalides are listed among the most frequently monitored and prioritized contaminants in 
groundwater (ATSDR 2013, 2015). The physical size and shape of a halogen substituent may 
also affect reactivity, due to steric constraints in the course of the reaction or hampered uptake 
into the cells. The carbon-fluorine bond belongs to the strongest single bonds in chemistry 
(Blanksby and Ellison, 2003) and makes organofluorines particularly recalcitrant. With 
increasing molecular weight of the halogen and decreasing electronegativity in the order 
fluorine - chlorine - bromine - iodine, these compounds get more reactive, which has 
consequences for the different approaches leading to their degradation. Under reductive 
conditions organohalides can be abiotically dehalogenated by zero-valent metals like iron, zinc 
and magnesium, or by bimetallic systems consisting of iron, copper, silver, palladium and 
nickel (Totten and Assaf-Anid, 2003; Tobiszewski and Namiesnik, 2012). Ultraviolet 
irradiation or ozone in the atmosphere allow for an oxidative dehalogenation of volatile 
compounds (Castro, 1998). However, these abiotic processes are very slow and 
polyhalogenated hydrocarbons appear persistent. Much more significance is assigned to 
microbial biodegradation. Dehalogenation reactions occur in aerobic, facultative and anaerobic 
organisms within the kingdoms of bacteria, archaea and eukaryotes. In aerobic environments 
as well as under denitrifying conditions less-substituted halogenated benzoates and lesser 
halogenated alkyls were found to be either degraded as sole carbon source or dehalogenated 
cometabolically by members of the α-, β- or γ-Proteobacteria and of Gram-positive bacteria 
with high G+C content (Fetzner and Lingens, 1994; Löffler et al., 2003; Kiel and Engesser, 
2015; Song et al., 2000; Dijk et al., 2003; Chen et al., 2013). The acetogenic bacteria 
Dehalobacterium formicoaceticum and Acetobacterium dehalogenans, as well as Dehalobacter 
sp. and Candidatus Dichloromethanomonas elyunquensis ferment dichloromethane and 
chloromethane as sole source of carbon and energy (Mägli et al., 1996; Traunecker et al., 1991; 
Justicia-Leon et al., 2012; Kleindienst et al., 2017). Furthermore, cometabolical dehalogenation 
reactions of aliphatic organohalides were observed in facultative and strictly anaerobic bacteria 
like several methanogens, homoacetogens, clostridia and bacilli, or also in the iron-reducing 
Shewanella putrefaciens (Holliger et al., 2003; Picardal et al., 1993). Next to these, a special 
group of bacteria evolved in oxygen-depleted environments. These phylogenetically diverse 
microbes are able to couple the dehalogenation of organohalides to energy conservation in an 
anaerobic respiratory process and are called organohalide-respiring bacteria (Adrian and 
Löffler, 2016). In general, organohalides possess positive standard redox potentials in the range 
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of +250 mV to +600 mV (Dolfing and Janssen, 1994, Dolfing and Novak, 2015), which makes 
them suitable electron acceptors. Organohalide-respiring bacteria show highly diverse substrate 
ranges including less- and polyhalogenated methanes, ethanes, ethenes or propenes as well as 
less- and polyhalogenated benzenes, phenols or even biphenyls and dioxins (Adrian and Löffler, 
2016). Representatives among δ- and ε-Proteobacteria and Firmicutes like Desulfomonile spp., 
Sulfurospirillum spp. or Desulfitobacterium spp. show a versatile metabolism and can use many 
different non-halogenated electron acceptors next to organohalides. In contrast, species 
belonging to the genera Dehalobacter (Firmicutes) or Dehalococcoides and Dehalogenimonas 
(Chloroflexi) are exclusively restricted to organohalide respiration using organohalides as the 
sole electron acceptors for growth (Maphosa et al., 2010; Atashgahi et al., 2016). In general, 
these bacteria remove the halogen substituents and thus reduce the recalcitrance and toxicity of 
halogenated compounds and recover the organic carbon backbone as putative substrate for 
further organisms, which drives the global halogen cycle.        
 
1.2 Enzymatic dehalogenation reactions 
Several different strategies for the biodegradation of organohalides have evolved, depending 
on the redox potential of the environment (e.g. aerobic vs. anaerobic) or the availability of 
electron donors or acceptors. The critical step is the cleavage of the carbon-halogen bond that 
is mediated by a variety of different dehalogenating enzyme systems (i.e. dehalogenases).  
Under aerobic conditions three main mechanisms were found, namely a hydrolytic, a thiolytic 
and an oxygenolytic dehalogenation reaction (Fig. 1.1). Hydrolytic dehalogenases replace the 
halide substituent with a hydroxyl group derived from a water molecule. Their structure and 
reaction mechanism was elucidated for the haloalkane dehalogenase from the 1,2-
dichloroethane-degrading bacterium Xanthobacter autotrophicus GJ10 and the 4-
chlorobenzoyl-CoA dehalogenase from the 4-chlorobenzoate-degrading Pseudomonas sp. 
strain CBS3 (Verschueren et al., 1993; Pries et al., 1994; Kennes et al., 1995; Müller et al., 
1984; Benning et al., 1998; Crooks et al., 1995; Yang et al., 1994). In both enzymes a 
nucleophilic attack (SN2) of a conserved aspartate located in the active site cavity leads to the 
release of the substrate’s halide and the formation of a substrate-enzyme complex (Fig. 1.1 A). 
The intermediate is hydrolyzed by the attack of an activated solvent water molecule on the 
carbonyl carbon of the aspartate. Thus the product is released and the free enzyme regenerated.                     
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A thiolytic dehalogenation mechanism was described for dichloromethane-utilizing 
methylotrophic bacteria. Here, inducible θ-class glutathione S-transferases (GSTs) catalyze the 
formation of formaldehyde and chloride in the presence of glutathione (GSH) as cofactor (Fig. 
1.1 B; Kohler-Staub and Leisinger, 1985; Kohler-Staub et al., 1986; Leisinger et al., 1994; 
Meyer et al., 1991). The thiolate anion of the cofactor initiates a nucleophilic substitution (SN2) 
reaction and an unstable S-chloromethyl GSH intermediate is formed, whereby one chloride is 
released (Gälli et al., 1982; Wackett, 1992). It is likely, that the intermediate is than rapidly 
hydrolyzed by a solvent water molecule resulting in formaldehyde and the free cofactor.  
In the presence of oxygen, several halogenated hydrocarbons can also be non-specifically 
cooxidized as analogs of the corresponding unsubstituted substrates by non-heme diiron-
containing mono- and dioxygenases, which are known for their broad substrate ranges. A well-
known example is the oxygenolytic degradation of trichloroethene by the methane-
monooxygenase of Methylosinus trichosporium OB3b (Fig. 1.1 C; Fox et al., 1990). The 
enzyme uses oxygen and NADH+H+ to form epoxide-intermediates, which decompose 
spontaneously and fortuitously in water and thus release the halide.  
 
Figure 1.1: Enzymatic dehalogenation reactions under aerobic conditions. A) Hydrolytic 
dehalogenation involves nucleophilic attack of an aspartate before halide replacement by a 
hydrogen. B) Thiolytic mechanism for dichloromethane dehalogenation involves nucleophilic 
attack of glutathione (GSH). C) Unspecific oxygenolytic reaction by the methane 
monooxygenase of Methylosinus trichosporium OB3b initiate spontaneous decomposition.   
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Similar cometabolic dehalogenation reactions based on the formation of labile intermediates 
can be observed in methane, ammonia, propane, phenyl and benzoate mono- or dioxygenases 
(Ensley, 1991; Fetzner and Lingens, 1994).  
All mechanisms described above favor hydrocarbons with only a limited number of halide 
substituents, whereas most of the polyhalogenated compounds such as hexachlorobenzene, 
tetrachloroethene or trichloromethane are inaccessible to these mechanisms. However, these 
compounds were found to be frequently degraded via reductive dehalogenation mechanisms 
that typically result in the replacement of the halogen substituent by a hydrogen atom. While 
this type of reaction is rather uncommon under oxic conditions, it clearly dominates in oxygen-
depleted environments. In some aerobic and facultative anaerobic organisms reductive 
dehalogenation was shown to be involved in carbon metabolism. A well-known example is the 
degradation of pentachlorophenol by Sphingomonas chlorophenolicum (Orser et al., 1993; 
Orser and Lange, 1994). The tetrachlorohydroquinone (TCHQ) intermediate is stepwise 
dechlorinated to tri- and dichlorohydroquinone by a TCHQ dehalogenase, a member of the ζ-
class glutathione S-transferase family (Xun et al., 1992; Board et al., 1997). In contrast to the 
thiolytic GSTs, here two molecules of glutathione provide the reducing equivalents, and are 
thereby oxidized to glutathione disulfide (Fig. 1.2 A; Xun et al., 1992). The reaction is initiated 
by the ketonization of the aromatic ring of THCQ followed by 1,4-elimination of HCl. During 
reduction of the electrophilic trichlorobenzoquinone intermediate a nucleophilic attack by a first 
glutathione thiolate (GS-) leads to the formation of a glutathione-substrate intermediate 
(McCarthy et al., 1997; Kiefer et al., 2002). In a subsequent step, a highly conserved cysteine 
in the active site attacks the sulfur of the glutathionyl substituent resulting in the reduced 
product and a mixed disulfide between the cysteine and glutathione (McCarthy et al., 1997). 
The free enzyme finally has to be regenerated by a second glutathione that replaces the cysteine 
in the mixed disulfide and forms glutathione disulfide. Another aerobic reductive 
dehalogenation mechanism was found in the iodotyrosine deiodinase, which is involved in the 
biosynthesis of the thyroid hormone in mammals (Rokita et al., 2010; Phatarphekar et al., 
2014). The enzyme belongs to the nitro-FMN reductase superfamily and employs a flavin 
mononucleotide (FMN) as cofactor (Thomas et al., 2009; Phatarphekar et al., 2014). The 
substrates mono- and diiodotyrosine are proposed to be dehalogenated via an initial protonation 
and two subsequent dissociative electron-transfer steps from reduced FMN (Fig. 1.2 B; Bobyk 
et al., 2015; Hu et al., 2015;). Protonation of the halogen-binding carbon atom leads to a 
delocalization of the electrons within the substrate and thus to the formation of a nonaromatic 
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intermediate. For the elimination of the halide a first electron is transferred, whereby an 
electron-depleted tyrosyl radical is generated, which has to be reduced by a second electron to 
form tyrosine as end product.  
 
 
 
Figure 1.2: Enzymatic reductive dehalogenation reactions. A) Proposed mechanism for the 
tetrachlorohydroquinone dehalogenase from S. chlorophenolicum involves nucleophilic attack 
of glutathione (GSH). B) Dehalogenation of halogenated tyrosine via dissociative electron 
transfer from reduced flavin mononucleotide (FMN) in the iodotyrosine deiodinase. C) ATP-
dependent class I benzoyl-CoA reductases catalyze an ATP-driven Birch-like mechanism 
leading to the elimination of HCl. D) Reductive dehalogenation in cobamide-containing 
reductive dehalogenases (RDases) either involves the substitution of one halide (X) by a proton 
(left) or the elimination of two vicinal halides leading to double bond formation (right).   
INTRODUCTION                              
 
 
7 
  
In anaerobic bacteria reductive dehalogenation reactions play a more versatile role and were  
found to be involved in carbon metabolism and cometabolic processes as well as in energy 
conservation pathways. The denitrifying Thauera chlorobenzoica 3CB-1 relies on 3-
chlorobenzoate as carbon source (Häggblom and Jung, 1999; Song et al., 2000). To allow for 
its conversion the substrate has to be activated by a specific halobenzoate ligase in the first step 
(Kuntze et al., 2011). The activated 3-chlorobenzoyl-CoA ester is then proposed to be reduced 
in a Birch-like mechanism by the ATP-driven transfer of two single solvated electrons to the 
non-aromatic chlorinated dienoyl-CoA, a reaction catalyzed by the iron-sulfur containing class 
I benzoyl-CoA reductase (Fig. 1.2 C; Kuntze et al., 2011; Tiedt et al., 2016). A subsequent 
protonation at the halogen-binding carbon initiates an either enzyme-mediated or spontaneous 
E2-elimination of HCl. Thus benzoyl-CoA is formed, which can be further converted in the 
benzoyl-CoA degradation pathway (Fuchs, 2008). However, the reductive dehalogenation 
reaction rather seems to be an intrinsic activity of all class I benzoyl-CoA reductases and only 
the activation of 3-chlorobenzoate requires halobenzoate-specialized enzymes (Schühle et al., 
2003; Kuntze et al., 2011). More common in anaerobic bacteria is the use of transition-metal 
containing porphyrins for dehalogenation. Reduced iron-, cobalt- and nickel-containing 
porphyrins (hemes, cobamides and coenzyme F430) were shown to mediate the abiotic 
reductive dehalogenation of a variety of alkyl halides (Krone et al., 1989a; Krone et al., 1989b; 
Gantzer and Wackett, 1991; Schanke and Wackett, 1992). This intrinsic ability is exploited in 
several enzyme systems involved in cometabolic alkyl reductive dehalogenation reactions 
(reviewed in Mohn and Tiedje, 1992; Fetzner and Lingens, 1994; Holliger et al., 2003). 
Particular attention is paid to cobamide-containing reductive dehalogenases (RDases), which 
use organohalides as terminal electron acceptor in a membrane-associated respiratory chain and 
are thus involved in energy conservation via electron transport phosphorylation (Hug et al., 
2013; Judger et al., 2015; Schubert and Diekert, 2016; Judger et al., 2016; Fincker and 
Spormann, 2017). RDase-mediated dehalogenation reactions can occur via the net transfer of 
two electrons leading to the removal of either one or two adjacent halogen atoms (Fig. 1.2 D). 
In the former, a single halogen substituent is replaced by a hydrogen in a halogen substitution / 
hydrogenolysis reaction. In contrast, the removal of two adjacent halogen substituents results 
in the formation of a double bond between the two carbon atoms initially bonding the halides, 
a process called dihaloelimination / vicinal reduction.   
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1.3 Cobamide-containing reductive dehalogenases  
Cobamide-containing reductive dehalogenases (RDases) represent the largest family of 
dehalogenating enzyme systems. Up to date, about 300 putative RDase genes were found in 
bacteria that are able to respire a broad spectrum of structurally diverse organohalides ranging 
from monohalogenated alkenes and alkanes to more complex polyhalogenated benzenes, 
biphenyls and dioxins (Hug et al., 2013). However, the presence of up to 36 RDase genes in a 
single organism, of which several may be even expressed under the same conditions, often 
hinders unambiguous assignment of substrate conversion to a specific RDase (Hug et al., 2013; 
Judger et al., 2015). In addition, slow growth rates and low biomass yields of most 
organohalide-respiring bacteria, especially of those strictly restricted to the use of organohalides 
(e.g. Dehalococcoides mccartyi (Löffler et al., 2013)), hampered the isolation of the 
corresponding RDase proteins. In the last three years different strategies for heterologous 
production of RDases in either non-dehalogenating cobamide-producing organisms like 
Shimwellia blattae (formerly Escherichia blattae) and Bacillus megaterium (Mac Nelly et al., 
2014; Payne et al., 2015a) or in E. coli (Parthasarathy et al., 2015) were established, which 
might allow for the characterization of further so far not accessible RDases in future.      
Up to date, only a limited number of RDases has been investigated in some detail, and their 
biochemical characterization was still limited to the elucidation of their substrate ranges and in 
a few cases to cofactor determination (see Tab. 1.1). The first RDase purified was the 3-
chlorobenzoate utilizing reductive dehalogenase of Desulfomonile tiedjei (Ni et al., 1995). 
Absorbance spectroscopy suggested the presence of a heme as redox center for the 
dehalogenation reaction. However, it soon became clear that this enzyme is rather an exception. 
All other characterized RDases employ cobamide derivatives (‘complete’ corrinoids) as 
cofactor (Tab. 1.1), which makes them unique among terminal reductases. Electron 
paramagnetic resonance (EPR) spectroscopy of the isolated proteins of the tetrachloroethene 
RDase (PceA) of Dehalobacter restrictus PER-K23 and the ortho-chlorophenol RDase (CprA) 
of Desulfitobacterium dehalogenans showed spectra that resembled a ‘base-off’ cobamide in 
the [CoII] oxidation state (Schumacher et al., 1997; van de Pas et al., 1999). Later the presence 
of a cobamide cofactor was unambiguously proven, when the PceA of Sulfurospirillum 
multivorans (formerly Dehalospirillum multivorans) was isolated and the cofactor extracted 
and identified as norpseudo-B12 in the ‘base-off’ conformation (Kräutler et al., 2003; see Fig. 
1.3). 
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Norpseudo-B12 represents a novel type of natural cobamide only found in Sulfurospirillum spp. 
and is characterized by an adenine as lower ligand base and an unusual linker moiety lacking a 
methyl group at C176 (Kräutler et al., 2003; Goris et al., 2017). The natural upper ligand was 
not known, since it is replaced by cyanide in the course of the cobamide extraction (Stupperich 
et al., 1986). The finding that the reductive dehalogenation reaction in PceA of S. multivorans 
was light-reversibly inhibited by the addition of propyl iodide (1-iodopropane) has been 
attributed to the alkylation of the superreduced [CoI]-state of the cofactor in the dark (Neumann 
et al., 1995; Neumann et al., 1996), an effect also described for other cobamide-dependent 
enzymes (Weissbach et al., 1965; Brot and Weissbach, 1965). This inhibition experiment 
became a standard test for the involvement of cobamides in other RDases (see references in 
Tab. 1.1).  However, the structure of the natural cobamide cofactors in other RDases was not 
elucidated so far. The contracted tetrapyrrol ring system of the cobamide structure harboring a 
cobalt ion in its center is conserved among all natural cobamides, but the upper and lower axial 
ligands coordinated to the cobalt ion can vary (Renz, 1999; Banerjee and Ragsdale, 2003; 
Gruber et al., 2011; Bridwell-Rabb and Drennan, 2017a). The adenine-containing cobamide 
cofactor in Sulfurospirillum spp. is synthesized de novo, however, other organohalide-respiring 
organisms like D. restrictus or Dehalococcoides spp. are corrinoid-auxotrophic and depend on 
cobamide salvaging and modification from their environment (Holliger et al., 1998; Rupakula 
et al., 2013; Löffler et al., 2013; Moore and Escalante-Semerena, 2016). In this way, the 
dechlorinating activity in Dehalococcoides spp. was shown to depend on specific cobamides 
binding benzimidazole derivatives as lower ligand that were expected to be incorporated into 
the RDase proteins (Yan et al., 2012; Yi et al., 2012; Yan et al., 2013; Yan et al., 2016). A 
known consensus sequence for cobamide binding (DxHxxG), as it was shown for a subset of 
other cobamide-dependent enzymes (Ludwig and Matthews, 1997), is thereby not encoded in 
the RDase amino acid sequences, except in the dichloropropane RDase from Dehalogenimonas 
lykanthroporepellens BL-DC-9 (Padilla-Crespo et al., 2014). This led to the assumption of a 
non-covalently binding of the cofactor to the enzyme. On the other hand, two binding motifs 
for iron-sulfur clusters are highly conserved in the C-terminal part of all RDase protein 
sequences (Hug et al., 2013; Judger et al., 2015). They can bind either two [4Fe-4S] cluster as 
shown for PceA of D. restrictus or VcrA of Dehalococcoides mccartyi (Schumacher et al., 
1997; Parthasarathy et al.,2015), or alternatively one [4Fe-4S] and one [3Fe-4S] cluster like in 
CprA of D. dehalogenans (van de Pas et al., 1999). Determination of iron and acid-labil sulfide 
contents in further RDases rather points towards two [4Fe-4S] cluster as the common cofactors 
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(see Tab. 1.1). With low midpoint redox potentials of approximately -480 mV at pH 8 
(Schumacher et al., 1997) the cubane iron-sulfur clusters are proposed to be involved in the 
intramolecular electron transfer to the cobamide cofactor in the active site. The apparent 
molecular masses of the protein monomers ranging from 35 to 65 kDa. 
The mature respiratory RDases are associated to the exoplasmic site of the cytoplasmic 
membrane (Nijenhuis and Zinder, 2005; John et al., 2006; Reinhold et al., 2012) most probably 
using a small hydrophobic, membrane integral RdhB as membrane anchor, a protein that is 
encoded in gene clusters together with the RDase genes (Futagami et al., 2008; Judger et al., 
2015). A precursor protein bearing an N-terminal Tat (twin arginine translocation) signal 
peptide is produced inside the cell and equipped with all cofactors before export through the 
cytoplasmic membrane by the twin arginine translocation pathway (Palmer and Berks, 2012). 
A model of the PceA maturation in S. multivorans is depicted in Figure 1.3. The biosynthesis 
of the two iron-sulfur cluster might be mediated by the isc- and suf-systems (isc: iron-sulfur-
cluster formation, suf: sulfur mobilization; reviewed in Fontecave and Ollagnier-de-Choudens 
(2008) before incorporation into the PceA apoprotein (Goris et al., 2014). De novo biosynthesis 
of the norpseudo-B12 cofactor follows the complex, multi-step ‘anaerobic pathway’ described 
by Warren et al. (2002) and Moore et al. (2013). All genes for cobamide biosynthesis are 
encoded in one cluster located close to the pceA gene in the so-called organohalide respiration 
gene region (Goris et al., 2014). The incorporation of variable lower ligand bases via the 
nucleotide loop assembly pathway is thereby the last step in the cobamide biosynthesis (Warren 
et al., 2002). Prior to incorporation the nucleotide bases have to be activated by the addition of 
a phosphoribosyl moiety, a reaction mediated by the nicotinate-nucleotide dimethylbenz-
imidazole phosphoribosyltransferase (CobT) (Trzebiatowski and Escalante-Semerena, 1997; 
Claas et al., 2010; Hazra et al., 2013; Chan et al., 2014). Some RDase gene cluster additionally 
encode for putative trigger-factor like chaperones RdhT, which are expected to ensure accurate 
folding of the RDase (Morita et al., 2009; Maillard et al., 2011; Mac Nelly et al., 2014). Such 
an RdhT homolog was not found in S. multivorans, but its function might be taken over by 
general molecular chaperones like Trigger Factor, DnaK or GroEL (Kim et al., 2013; Castanié-
Cornet et al., 2014).  
Only recently, two non-respiratory RDases functionally linked to NAD(P)H-dependent 
oxidoreductases were identified in the facultative aerobic Comamonas sp. 7D-2 and 
Nitratireductor pacificus that are lacking the Tat signal peptide and remain soluble in the 
cytoplasm (Chen et al., 2013; Payne et al., 2015a).  
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Figure 1.3: Model of the PceA maturation in S. multivorans. The structure of the norpseudo-
B12 cofactor is highlighted in the box. Putative upper and lower axial ligands, known to be 
incorporated into cobamides in general, are listed. (pre)PceA: (precursor of) tetrachloroethene 
reductive dehalogenase; CobT: nicotinate-nucleotide dimethylbenzimidazole phosphoribosyl-
transferase; PceB: membrane achor for PceA; isc/suf: iron-sulfur cluster biosynthesis genes; 
RR: twin arginine translocation (Tat) signal peptide for the Tat system; R: carbon backbone; X: 
halide.   
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These enzymes are not involved in energy conservation, but rather remove the halogen 
substituents and thus prepare organohalides for subsequent degradation of the carbon backbone. 
All respiratory RDases characterized so far, except the 3-chlorobenzoate RDase of D. tiedjei, 
are oxygen sensitive with half-life times in air of about one hour two several hours (see 
references Tab 1.1). How the non-respiratory enzymes prevent oxidative damage in an aerobic 
environment is not known.  
In general, all RDases listed in Tab. 1.1 can be devided into three groups converting preferably 
either alkyl halides such as halogenated alkenes, or halogenated alkanes or aryl halides, all of 
them in a halogen substitution reaction. The conversion of aliphatic and aromatic organohalides 
by a single enzyme has rarely been described, but cannot be excluded (van de Pas et al., 2001; 
Mac Nelly et al., 2014). Next to these RDases, organohalide-respiring bacteria were found that 
catalyze a different type of dehalogenation reaction, namely the dihaloelimination of vicinal 
halogenated alkanes that results in the formation of a double bond. Growth of 
Desulfitobacterium dichloroeliminans strain DCA1 was described to be restricted to 
dihaloelimination reactions, and not being able to utilize any substrates via halogen substitution 
(De Wildemann et al., 2003). Only one RDase gene, the dichloroethane (DCA) reductive 
dehalogenase (DcaA) gene, was found in the organism (Marzorati et al., 2007). While the 
involvement of a cobamide cofactor was deduced from propyl iodide inhibition studies (De 
Wildemann et al., 2003), further biochemical analysis of the corresponding DcaA protein is 
still missing. Further putative dihaloeliminating RDase genes were detected in Dehalobacter 
sp., D. lykanthroporepellens BL-DC-9 as well as in several 1,2-DCA dehalogenating 
enrichment cultures (Grostern and Edwards, 2009; Padilla-Crespo et al., 2014; Marzorati et al., 
2010; Merlino et al., 2015). So far, it is not clear what is different in these dihaloeliminating 
enzymes.      
 
1.4 Cobamide-dependent enzymes and their mechanisms 
RDases are classified within the subfamily of cobamide-containing iron-sulfur proteins apart 
from the well-characterized adenosylcobalamin-dependent enzymes and methyltransferases 
(Matthews, 2001; Banerjee and Ragsdale, 2003; Gruber et al., 2011; Ding et al., 2016; 
Bridwell-Rabb and Drennan, 2017a). Adenosylcobalamin-dependent (coenzyme-B12 
dependent) enzymes are widely spread among carbon skeleton and amino mutases, isomerases 
and eliminases (Gruber et al., 2011; Bridwell-Rabb and Drennan, 2017a). Here, a 5’-
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deoxyadenosyl group is bound as upper ligand to the cobalt ion in the cobamide cofactor. These 
enzymes generate 5’-deoxyadenosyl radicals via homolytic cleavage of the [CoIII]-carbon bond, 
leaving the cobalt ion in the [CoII]-state. The radicals then act as nucleophiles during catalysis 
of a variety of rearrangement reactions. In cobamide-dependent methyltransferases the [CoIII]-
carbon bond in the methylcobalamin cofactor is cleaved either heterolytically in a nucleophilic 
SN2 reaction releasing a methyl ion or homolytically releasing a methyl radical (Matthews, 
2001; Ragsdale, 2008; Ding et al., 2016). For regeneration of the methylcobalamin the highly 
nucleophilic superreduced [CoI]-state of the cobamide cofactor directly attacks the methyl 
group donor substrates in an SN2 reaction. Methyltransferases are involved in key steps of 
several metabolic pathways, like the fixation of CO2 via the acetyl-CoA pathway, in 
methanogenesis or in methionine synthesis (Thauer, 1998; Matthews, 2001; Ragsdale, 2006). 
Both enzyme classes bind the cobamide cofactor mostly in a ‘base-off/His-on’ conformation, 
which means the coordination of the lower ligand towards the cobalt ion is replaced by a 
histidine of the protein backbone (Gruber et al., 2011). RDase protein sequences do not encode 
for such a cobamide binding motif. The only proteins found, which share sequence similarities 
to RDases, are the cobamide-dependent epoxyqueuosine reductases (QueG) responsible for the 
formation of queuosine during tRNA modification (Miles et al., 2011; Frey et al., 1988). 
Structural and spectroscopic analysis of QueG from Streptococcus thermophilus (Payne et al., 
2015b) and Bacillus subtilis (Miles et al., 2015; Dowling et al., 2016) showed the cobamide 
cofactor bound in the ‘base-off’ conformation, e.g. the cobalt ion does not bind any lower 
ligand. The catalytic cycle was proposed to be based on a nucleophilic attack of the [CoI]-state 
of the cobamide cofactor leading to cobalt-carbon bond formation with the substrate 
(alkylation). The alkyl substituent is than released by a heterolytic cleavage of the cobalt-carbon 
bond. However, function predictions for RDases should be drawn cautiously. In early studies 
the abiotic cobamide-dependent reductive dehalogenation of alkyl halides was shown to 
proceed via nucleophilic attack of the [CoI]-state on the carbon backbone of the substrate 
leading to the alkylation of the cobalt (Schrauzer and Deutsch, 1969; Krone et al., 1989a), 
similar to what was described for QueGs. Later, however, an initial dissociative single electron-
transfer mechanism was proposed for the abiotic conversion of tetra- and trichloroethene (Glod 
et al., 1997) as well as for the enzymatic reductive dehalogenation of chloropropenes and 
bromoethenes in PceA of S. multivorans (Schmitz et al., 2007; Ye et al., 2010). Also here, the 
superreduced [CoI]-state was assumed to be the catalytically active form. In the latter case, only 
low potential electron donors (≤ -360 mV), which are potentially strong enough to reduce the 
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[CoII]/[CoI] redox pairs with midpoint potentials of -350 to -380 mV at pH 7.5-8 in PceA of S. 
multivorans and D. restrictus and in CprA of D. dehalogenans (Schumacher et al., 1997; van 
de Pas et al., 1999; Kräutler et al., 2003), allow for substrate conversion (Miller et al., 1997). 
However, so far all function predictions for RDases are only based on indications from product 
formation. Further detailed mechanistic studies will be necessary to elucidate the catalytic cycle 
of RDases. 
 
1.5 Aims of the study 
In this work, the in-depth structural and functional characterization of RDase enzymes should 
be intensified. Diekert and colleagues showed that PceA of S. multivorans, known for its ability 
to dehalogenate tetrachloroethene (PCE) to trichloroethene (TCE) and subsequently cis-1,2-
dichloroethene (DCE) via halogen substitution reactions, could be isolated in higher 
concentrations allowing for cofactor extraction and identification (Neumann et al., 1996; 
Kräutler et al., 2003). The enzyme was therefore also chosen for the elucidation of the three-
dimensional structure of an RDase by X-ray crystallography. Earlier studies suggest that the 
cobamide cofactor might vary between different RDases. The structural variability in the lower 
ligand base of the cobamide and its influence on substrate conversion should be studied in PceA 
by guiding the de novo cobamide biosynthesis in S. multivorans towards different cobamide 
derivatives. Building on the three-dimensional structure of PceA further insights into the 
reaction mechanism of RDases were expected from PceA crystals in complex with substrates 
and products as well as analogs of them. Putative protein-substrate interactions should be 
furthermore investigated during substrate turnover using EPR spectroscopy. In addition, 
important structural elements involved in the halogen substitution mechanism and the active 
site arrangement of RDases should be studied by site-directed mutagenesis in a heterologously 
produced PceA protein, and directly compared with the architecture of a dihaloeliminating 
RDase, the DcaA of D. dichloroeliminans DCA1 not biochemically characterized so far (De 
Wildemann et al., 2003; Marzorati et al., 2007).  
Finally, the application of PceA from S. multivorans as a representative for other respiratory 
RDases should be discussed. And to open the way for a future use of RDases in bioremediation 
attemps on organohalide-contaminated sites the functionality of PceA in electrochemical 
reactors was tested. 
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2.1 Structural basis for organohalide respiration 
Bommer M*, Kunze C*, Fesseler J, Schubert T, Diekert G, Dobbek H (2014) Science 
346, 455-458.  
 
 * These authors contributed equally to this work.  
 
 
 
The first three-dimensional structure of a respiratory RDase was elucidated using PceA isolated 
from S. multivorans. The norpseudo-B12 cofactor was found to be non-covalently bound in its 
‘base-off’ state in the center of the protein with the two [4Fe-4S] cluster in distances allowing 
for electron transfer from an external electron donor to the cobamide. Based on the architecture 
of the active site and the positioning of substrate and product analogues inside, a reaction 
mechanism for halgen substitution reactions was proposed involving a highly conserved 
tyrosine-arginine/lysine pair in proton transfer.  
 
 
 
My own contribution to this publication covers about 40%. 
I conducted all cultivations of S. multivorans, as well as purifications and enzyme activity 
assays of PceA. During two day stays at the Humboldt University to Berlin I prepared the 
crystallization samples with isolated PceA in various buffer solutions and screened them for 
crystals formed, a task that was otherwise performed by Martin Bommer. All Coauthors 
participated in the evaluation and interpretation of the crystallization data, and in writing the 
manuscript.  
I contributed to the generation of the S. multivorans mutant strain in the course of my master 
thesis. Also size determination of PceA using gel filtration/ size exclusion chromatography was 
part of my master thesis. 
 
 
 
 
For supplementary information see appendix, pp. i - xvii.  
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2.2 Selective utilization of benzimidazolyl-norcobamides as cofactors by 
the tetrachloroethene reductive dehalogenase of Sulfurospirillum 
multivorans  
Keller S, Kunze C, Bommer M, Paetz C, Menezes RC, Svatoš A, Dobbek H, Schubert 
T; in preparation for submission in J Bacteriol  
 
 
 
The variability in the utilization of different cobamide cofactors distinguished by their lower 
ligand bases, and its influence on substrate conversion was studied in PceA of S. multivorans. 
While the maturation of PceA was shown to be retarded in the presence of norcobalamin instead 
of the de novo produced norpseudo-B12 (Keller et al., 2014), single substituted benzimidazolyl-
norcobamides were found that can replace the purinyl-norcobamide cofactor and still allow for 
correct folding and activity of the enzyme. Structural analysis of PceA equipped with various 
cobamide cofactors revealed a conserved binding of the nucleotide loop of the different 
cobamides without steric constraints, which raises the question of an incompatibility 
specifically for methylated benzimidazolyl-norcobamides that are known to be suitable 
cobamide cofactors in other RDases.       
 
 
 
My own contribution to this publication covers about 15%. 
This includes the cultivation of S. multivorans in the presence of different lower ligand bases 
(5-MeBza, 5-OHBza, 5-OMeBza) and the purification of the PceA protein from the respective 
cells. I performed enzyme activity assays using the purified PceA variants and analyzed and 
quantified their cobamide cofactors. Furthermore, I prepared the PceA samples for 
crystallization, and I participated in the revision of the manuscript.  
 
 
 
For supplementary information see appendix, pp. xviii - xxxiv.  
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SUMMARY 
 
The organohalide-respiring bacterium Sulfurospirillum multivorans produces a unique 
cobamide, namely norpseudo-B12, which serves as cofactor of the tetrachloroethene reductive 
dehalogenase (PceA). As previously reported, an exchange of the adeninyl-moiety, the lower 
base of the cofactor, by exogenously applied 5,6-dimethylbenzimidazole led to inactive PceA. 
In this study, the susceptibility of the organism for guided biosynthesis of various singly 
substituted benzimidazolyl-norcobamides was investigated and their use as cofactor by PceA 
was analyzed. Exogenously applied 5-methylbenzimidazole (5-MeBza), 5-
hydroxybenzimidazole (5-OHBza), and 5-methoxybenzimidazole (5-OMeBza) were found to 
be efficiently incorporated as lower bases into norcobamides (NCbas) replacing the endogenous 
lower base, adenine. Structural analysis of the NCbas by nuclear magnetic resonance 
spectroscopy uncovered a regioselectivity in the utilization of these precursors for NCba 
biosynthesis. When 5-MeBza was added to cultures a mixture of 5-MeBza-norcobamide and 6-
MeBza-norcobamide was formed and the PceA enzyme activity was affected. In the presence 
of 5-OHBza, almost exclusively 6-OHBza-norcobamide was produced, while in the presence 
of 5-OMeBza, predominantly 5-OMeBza-norcobamide was detected. Both NCbas were 
incorporated into PceA and no negative effect on the PceA activity was observed. In crystal 
structures of PceA, both NCbas were bound in the ‘base-off’ mode with the 6-OHBza and 5-
OMeBza lower bases accommodated by the same solvent-exposed hydrophilic pocket that 
harbors the adenine as lower base. This study shows a selective in vivo production of different 
cobamide isomers containing singly substituted benzimidazoles as lower bases and provides 
unique structural insights into the utilization of different cobamides as cofactors by a cobamide-
containing enzyme.  
 
IMPORTANCE 
 
Exogenous singly substituted benzimidazoles efficiently replaced adenine as base of the natural 
norcobamide produced by the organohalide-respiring epsilonproteobacterium Sulfurospirillum 
multivorans. An unprecedented specificity in the formation of norcobamide isomers containing 
singly hydroxylated or methoxylated benzimidazoles was observed that implicated a strict 
regioselectivity of the norcobamide biosynthetic machinery in the organism. In contrast to 5,6-
dimethylbenzimidazolyl-norcobamide, the incorporation of singly substituted benzimidazolyl-
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norcobamides as cofactor into the tetrachloroethene reductive dehalogenase (PceA) was not 
impaired. PceA was found to be functional with different norcobamide isomers and structural 
analysis of the enzyme visualized the various cofactors bound at the same position inside the 
enzyme. This report provides novel insights into a cobamide-containing enzyme binding both, 
purinyl- and benzimidazolyl-norcobamide cofactors for function.  
 
INTRODUCTION 
 
Prokaryotes produce structurally different cobamides (Cbas; analogs of vitamin B12), but little 
is known about their selective or non-selective utilization as cofactors in cobamide-dependent 
enzymes, such as the reductive dehalogenases (RDases) (1-3). Cobamides are composed of a 
contracted tetrapyrrole ring system harboring a cobalt ion as central atom (4). In addition to the 
four nitrogens of the pyrrole ring system in cobamides, the cobalt is bound by two axial ligands 
('upper' and 'lower' ligand). Cbas vary in their structure by harboring different lower bases, 
either purines or benzimidazoles, which can be replaced by phenols (5). Purines or 
benzimidazoles serve as lower ligand to the cobalt, while phenols cannot. A 5'-deoxyadenosyl-
moiety, a methyl group, a hydroxyl group or a water molecule were described as natural upper 
ligands of Cbas (1-3). 
Cobamide-containing RDases function as terminal reductases in the membrane-bound electron 
transport chain of different anaerobic bacteria, which conserve energy via organohalide 
respiration (6-8). The need for Cbas as RDase cofactors in the so-called organohalide-respiring 
bacteria is covered either by de novo biosynthesis or by salvaging of Cbas from the 
surroundings (summarized in 9). The norpseudo-B12 of the tetrachloroethene (PCE)-respiring 
bacterium Sulfurospirillum multivorans is synthesized de novo, whereby the norcobamide 
(NCba) biosynthesis is induced in the presence of PCE (10-12). In comparison to the structure 
of vitamin B12, the norpseudovitamin B12 lacks the methyl group at C176 in the linker moiety 
of the Cba (the prefix 'nor-' refers to this fact) and contains an adenine moiety as lower base 
(13). So far, a final proof for the binding and function of a standard-type cobamide such as 
pseudo-B12 in the PCE reductive dehalogenase (PceA) has not been provided. Although a clash 
within the protein structure was expected (14), a previous study indicated that the PceA 
structure might be flexible to some extent in incorporating NCbas or Cbas. The presence of 
mainly Cba instead of NCba (i.e., addition of a methyl group at C176 of the linker moiety) did 
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not completely diminish PceA activity in cell free extracts (15). Hence, a specific need for the 
production of NCbas by Sulfurospirillum spp. (13, 16) has not been proven yet.   
When 5,6-dimethylbenzimidazole (DMB), which serves as lower base in vitamin B12, was 
added to cultures of S. multivorans, the DMB efficiently replaced the adenine in the 
norcobamide produced by the organism (10). S. multivorans does not possess genes for 
benzimidazole production (11) neither for the direct formation of DMB from flavin in an 
oxygen-dependent reaction (17) nor for the anoxic formation of DMB via 5-OHBza, 5-
OMeBza, and 5-methoxy-6-methylbenzimidazole from 5-aminoimidazole ribotide (18), an 
intermediate of the purine biosynthesis. However, exogenously provided DMB can be used for 
cobamide guided biosynthesis (5). Prior to their incorporation into Cbas, the various 
benzimidazoles are activated by the nicotinate-nucleotide dimethylbenzimidazole 
phosphoribosyltransferase (CobT), which adds a phosphoribosyl moiety and forms α-ribotides 
(19). The relaxed specificity of some CobTs thereby allowed for the formation of uncommon 
6-substituted benzimidazolyl-ribotides from singly substituted benzimidazoles such as 5-
hydrozybenzimidazole (5-OHBza) or 5-methoxybenzimidazole (5-OMeBza), which can lead 
to the formation of unusual Cba isomers (20).  
The PCE-dependent growth of S. multivorans, the PceA enzyme activity, and the PceA 
maturation was impaired in the presence of DMB (10). A plausible explanation for this 
inhibitory effects might be an incompatibility of a specific lower base in a Cba cofactor with 
the Cba binding site of a particular RDase. Negative effects on enzymatic reductive 
dehalogenation caused by the modification of the Cba structure have also been reported for 
Dehalococcoides mccartyi strains (21-24). The obligate organohalide-respiring D. mccartyi is 
a Cba auxotroph (25). The dechlorination of TCE by D. mccartyi strain 195 was dependent on 
the availability of Cbas with either DMB, 5-methylbenzimidazole (5-MeBza), or 5-OMeBza as 
lower base. Cbas with alternative lower bases such as 5-OHBza or benzimidazole (Bza) did not 
sustain TCE-dependent growth of the organism. 
The lower ligand base, which is part of the Cba's nucleotide loop and thereby covalently bound 
to the cofactor, can be displaced from the cobalt (‘base-off’) in the protein-bound state. Here, 
an alternative lower ligand such as a histidine residue (‘base-off/His-on’) often fulfills this 
function (26, 27). For Cba cofactors bound to RDases a lower ligand of the cobalt was not 
detected by structural analysis (14, 28). The two RDases analyzed so far harbors the Cba 
cofactor deeply buried inside the protein bound by a network of hydrogen bonds. In the RDase-
bound state the lower base of the Cba is not placed in proximity to the cobalt, it is completely 
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moved out of the position it obtains in the protein-free state of the cofactor. In the case of the 
two known RDase structures, binding of an alternative ligand is prevented by the protein 
structure. These observations were confirmed by spectroscopic analyses of different RDases 
using electron paramagnetic resonance spectroscopy, which also detected the Cba cofactor in 
the ‘base-off’ state (28-30).  
In order to shed light on the functionality of a single RDase with different Cba cofactors, we 
investigated the utilization of various benzimidazolyl-NCbas by PceA of S. multivorans and 
analyzed the similarities or variations in binding a Cba harboring either a purine or a 
benzimidazole as lower base on the structural level. Thereby, we identified PceA of S. 
multivorans as a Cba-containing protein functioning with both, purinyl- and benzimidazolyl-
NCbas, but limited in recruiting methylated benzimidazolyl-NCbas. Furthermore, we found 
evidence for an unusually strict regioselectivity of the S. multivorans norcobamide biosynthetic 
machinery that is controlled by the type of substituent present in singly substituted 
benzimidazoles. 
 
RESULTS 
  
Guided biosynthesis of benzimidazolyl-NCbas. In order to test the utilization of various 
exogenous benzimidazoles as lower bases for the production of NCbas (Fig. 1A), S. multivorans 
was cultivated in the presence of DMB, 5-MeBza, Bza, 5-OMeBza, and 5-OHBza and the 
produced NCbas were extracted. The incorporation efficiency of all benzimidazoles was tested 
by analyzing the NCba fractions from cells cultivated in the presence of different concentrations 
of the lower base precursors (Fig. 1B). The total amount of Cba extracted from cells cultivated 
in the presence of benzimidazoles was not altered in comparison to untreated cells. The absolute 
yield was about 1 µmol norcobamide per gram protein used for the extraction in every case. A 
strong divergence among the various benzimidazoles with respect to their appearance as lower 
bases in the NCba fraction was not observed, which indicates an efficient benzimidazole influx 
into the cells and enzymatic activation in all cases. Whether the benzimidazoles are actively 
taken up by the cells is not known. The extracted NCbas were applied to high performance 
liquid chromatography (HPLC) coupled to photometric detection (Fig. 1C).  
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Fig. 1: Guided-NCba biosynthesis in S. multivorans. A) Norpseudo-B12 cofactor in its 
conformation obtained in the PceA crystal structure (14). A frame marks the adeninyl-moiety 
in the nucleotide loop. The structures of the exogenous benzimidazoles, which were tested in 
the study, are depicted. B) Ratio between norpseudo-B12 and various benzimidazolyl-NCbas 
formed in the presence of different concentrations of exogenous benzimidazoles. 5-MeBza was 
excluded from the analysis of the incorporation efficiency, since the norpseudo-B12 still present 
in cells exposed to lower concentrations of exogenous 5-MeBza, has not been efficiently 
separated from the MeBza-NCba (signal 1 in Fig. 1C) by HPLC. This circumstance made a 
direct quantification of the portion of MeBza-NCba impossible. The data presented in part B 
were obtained from two independent experiments. The maximal deviation is given. C) HPLC-
analysis and mass determination of NCbas extracted from S. multivorans cells cultivated in the 
presence of different benzimidazoles (25 µM, respectively). The hash marks the norpseudo-B12 
in the Cba extract from cells treated with 5-OMeBza. Singly and doubly protonated ions were 
detected which were assigned to the respective NCbas using UHPLC-ESI-HRMS: m/z 
1327.5443 [M+H]+ (calculated for C61H85O14N14CoP, 1327.5439, 0.745 ppm) and m/z 
664.2763 [M+2H]2+ (calculated for C61H86O14N14CoP, 664.2753, 1.492 ppm) for peak 1 and 
m/z 1327.5446 [M+H]+ (calculated for C61H85O14N14CoP, 1327.5439, 0.873 ppm) and m/z 
664.2762 [M+2H]2+ (calculated for C61H86O14N14CoP, 664.2753, 1.266 ppm) for peak 2 of the 
sample derived from the 5-MeBza-treated cells, m/z 1313.5232 [M+H]+ (calculated for 
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C60H83O14N14CoP, 1313.5238, -3.465 ppm)  and m/z 657.2647 [M+2H]
2+ (calculated for 
C60H84O14N14CoP, 657.2675, -4.2 ppm) for the Bza-NCba,  m/z 1329.5215 [M+H]
+ (calculated 
for C60H83O15N14CoP, 1329.5232, -0.899 ppm) and m/z 665.2640 [M+2H]
2+ (calculated for 
C60H84O15N14CoP, 665.2650, -1.430 ppm) for the OHBza-NCba and m/z 1343.5381 [M+H]
+ 
(calculated for C61H85O15N14CoP, 1343.5389, -0.168 ppm) and m/z 672.2722 [M+2H]
2+ 
(calculated for C61H86O15N14CoP, 672.2728, -0.887 ppm) for the OMeBza-NCba. In the latter 
sample, ions for the residual norpseudo-B12 were also detected at m/z 1330.5283 [M+H]
+ 
(calculated for C58H82O14N17CoP, 1330.5291, -0.607 ppm).  
 
The addition of DMB to the growth medium resulted in the formation of nor-B12 as it has been 
reported previously (10). The presence of all other benzimidazoles gave rise to the production 
of new compounds, which showed characteristic Cba absorbance spectra (data not shown) and 
different retention times compared to norpseudo-B12 and nor-B12. After three subsequent 
cultivations in the presence of 25 µM exogenously applied benzimidazoles, the amount of 
norpseudo-B12 in the cells was reduced to a non-detectable level (Fig. 1C). Exclusively in the 
case of 5-OMeBza, a residual amount (about 10%) of norpseudo-B12 was observed. In order to 
identify the unknown Cbas, all samples were analyzed using ultra high performance liquid 
chromatography coupled with electrospray ionization high-resolution mass spectrometry 
(UHPLC-ESI-HRMS). By applying this technique, the efficient incorporation of all 
benzimidazoles as lower bases into the nucleotide loop of the NCbas produced by S. 
multivorans was confirmed, since the results are in agreement with the predicted masses. In the 
case of the NCba extract obtained from cells cultivated in the presence of 5-MeBza, two NCba 
compounds were detected in a ratio of 2:1. Both NCbas showed an identical mass which was 
attributed to MeBza-NCba. The difference in the retention time of the two isomers might be 
caused by a difference in the position of the methyl group of the MeBza moiety in the NCba 
structure.  
The purified NCbas formed in cells cultivated in the presence of the singly substituted 
benzimidazoles 5-MeBza, 5-OHBza, and 5-OMeBza were identified by nuclear magnetic 
resonance (NMR) spectroscopy. Thus, the assumption on the incorporation of the different 
benzimidazoles into the NCba structure was confirmed (Fig. 2 and Fig. S1-26). In theory, singly 
5-substituted benzimidazoles can be incorporated in two different orientations into the 
cobamide structure, which can give rise to 5- or 6-substituted benzimidazolyl-Cbas. The 
determined chemical shifts in the NMR analysis obtained for the sample prepared from 5-
OHBza-treated cells allowed for the identification of 6-OHBza-NCba (Fig. 2A), whereas in the 
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case of the sample from 5-OMeBza-treated cells the formation of 5-OMeBza-NCba was proven 
(Fig. 2B). The NMR data were in accordance with previously published results by Taga and 
coworkers (19). Furthermore, the position of the substituent within the lower base structure was 
determined in both NCbas obtained from 5-MeBza-treated cells and the occurrence of two 
orientations of MeBza in the nucleotide loop was approved (Fig. 2 C, D).  
 
 
 
Fig. 2: Low field range of 1H-NMR spectra of the isolated NCbas. (A) 6-OHBza-NCba, (B) 5-
OMeBza-NCba,  (C) 5-MeBza-NCba (peak 1 in Fig. 1C), and (D) 6-MeBza-NCba (peak 2 in 
Fig. 1C). The depicted sections show the signals for the respective benzimidazolyl moieties and 
the signal for the anomeric position of the α-ribosyl unit. The signal marked with an asterisk 
belongs to position 10 of the corrin scaffold. 
 
Effect of singly substituted benzimidazoles on PceA production. The exchange of the 
adeninyl moiety in the norpseudo-B12 cofactor by DMB caused a negative effect on the PCE-
dependent growth and the biosynthesis of catalytically active PceA in S. multivorans (10). Up 
to date, no other benzimidazoles were tested in this respect. Thus, 5-MeBza, Bza, 5-OHBza, or 
5-OMeBza (25 µM, respectively) was added to cultures of S. multivorans that contained 
pyruvate and PCE as substrates. None of the benzimidazoles affected the PCE-dependent 
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growth of the organism such as DMB (Fig. S27 shows the results for DMB, 5-MeBza, and Bza). 
In order to evaluate their impact on PceA function, the enzyme activity was tested in crude 
extracts of the various cell types (Fig. 3). Cultures of S. multivorans grown on PCE in the 
presence of the different benzimidazoles were harvested in the late exponential growth phase, 
i.e., the protein concentration was 70-80 µg/mL, which was reached after approx. 16 hours of 
cultivation. In the case of the DMB-containing cultures, the same growth phase was reached 
after approximately 80-90 hours of cultivation. Crude extracts were prepared and the specific 
PceA activity was measured in a photometric assay using reduced methyl viologen as artificial 
electron donor. The activity determined in cells treated with either Bza, 5-OHBza, or 5-
OMeBza was similar to the PceA activity monitored in the non-treated S. multivorans cells (Fig. 
3A).  
 
 
 
Fig. 3: PceA activity (A) and protein level (B) in crude extracts derived from cells grown with 
PCE in the presence of different benzimidazoles (25 µM). For the immunological analysis 5 µg 
of protein was applied to each lane. The immunoblot was developed with an antiserum 
containing polyclonal antibodies against PceA. The data for the PceA activity were obtained 
from three different cultures. The standard deviation is given. prePceA: precursor with the N-
terminal Tat signal peptide, PceA: processed form without the Tat signal peptide. 
 
In contrast, the presence of 5-MeBza caused a substantial reduction in the enzyme activity 
(about 50%). This reduction was not as high as in DMB-treated cells (about 90%) and appeared 
to be still sufficient for unaffected growth with PCE. The absence of a severe growth defect in 
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case of 5-MeBza-treated cells might indicate a surplus of PceA present in S. multivorans that 
exceeds the amount of enzyme needed for energy conservation via organohalide respiration. It 
was observed before that the growth rate of S. multivorans with PCE was not severely reduced 
when the PceA activity in such cells was lowered by about 50% (15).  
The reduction in PceA activity in cells cultivated in the presence of 5-MeBza might be 
accompanied by a retardation in maturation and processing of the PceA precursor (prePceA) as 
it was observed for DMB before (10). Thus, the presence of both forms of the enzyme was 
analyzed in crude extracts separated on an SDS-PAGE and applied to an immunoblot developed 
with PceA-specific antibodies (Fig. 3B). In comparison to the crude extract of non-treated cells, 
which displayed an intense band for the mature PceA enzyme (predicted molecular mass: 53.3 
kDa) and only a thin band for the Tat (twin arginine translocation) signal peptide-containing 
prePceA (predicted molecular mass: 57.1 kDa), the amount of prePceA was increased in 5-
MeBza-treated cells. In cells cultivated in the presence of Bza, 5-OHBza, and 5-OMeBza, the 
total amount of the enzyme and its processing was apparently not affected.  
 
Incorporation of benzimidazolyl-NCbas into PceA. The quantification of the incorporation 
efficiency of the DMB-NCba into PceA was hindered in a previous study, since a sufficient 
amount of pure PceA enzyme was not obtained from such DMB-treated cells (10). These 
difficulties and the negative effect on the maturation of the PceA precursor under these 
conditions indicated an incompatibility between the DMB-NCba, containing the doubly 
substituted lower base, and the enzyme. Alternative doubly substituted benzimidazoles such as 
5,6-dinitrobenzimidazole (DNO2Bza) or 5,6-dimethoxybenzimidazole (DOMeBza) were tested 
in this study. In the case of DNO2Bza (25 µM in the growth medium) a reduction of about 80% 
in PceA activity in crude extracts was observed, comparable to what was found before with 
DMB. While in DNO2Bza-treated cells the norpseudo-B12 cofactor was nearly completely 
replaced, in cells cultivated in the presence of DOMeBza (25 µM) almost no production of the 
DOMeBza-NCba was detected, which hindered the evaluation of its effect on PceA function. 
Also the use of DNO2Bza did not lead to conclusive results. Most probably due to chemical 
transformations of the two NO2-groups several norcobamides were extracted from DNO2Bza-
treated cells (data not shown). As revealed by mass determination a DNO2Bza-NCba was not 
included, which hindered further evaluation of the effect of this doubly substituted 
benzimidazole. 
In contrast to the effects observed with DMB, the analysis of the PceA activity in cells treated 
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with 5-OHBza or 5-OMeBza showed no negative effect (Fig. 3). This result indicated an 
efficient utilization of both NCbas, the 6-OHBza-NCba and the 5-OMeBza-NCba, as cofactors 
of the PceA enzyme. Indeed, extraction of the norcobamides from PceA isolated from the 
respective type of cells uncovered a 100% saturation of the enzyme (1 mol cofactor per 1 mol 
PceA) in both cases, as well as in enzyme extracted from 5-MeBza-treated cells, and the elution 
profiles of the extracted cofactors obtained via HPLC separation (Fig. S28) mirrored the 
patterns observed earlier for the NCbas extracted from whole cells (Fig. 1C). For unravelling 
similarities or differences in the binding mode of these cofactors and for obtaining indications 
for the exclusion of the DMB-NCba, the different PceA enzymes were crystallized and 
subjected to structural analysis. However, crystals of PceA suitable for X-ray scattering and 
structural analysis were only gained for the enzyme purified from cells treated with 5-OHBza 
or 5-OMeBza. The inability of the PceA-sample equipped with the mixture of both MeBza-
NCba isomers to form suitable crystals might indicate an inhomogeneity of the sample and the 
presence of misfolded PceA. This assumption was supported by the fact that the specific activity 
of PceA purified from cells cultivated in the presence of 5-MeBza was about 50% lower 
compared to the PceA purified from cells treated with 5-OHBza or 5-OMeBza (687 nkat/mg 
PceA versus 1280 nkat/mg PceA). 
In both known RDase structures (14, 28), the Cba cofactor is deeply buried within the protein. 
Access to the upper, the β-face of the corrin ring within the substrate binding pocket of PceA is 
limited by the protein structure. The nucleotide loop of the adeninyl-NCba (norpseudo-B12) in 
PceA is positioned in the ‘base-off’ conformation (Fig. 4A). The unusual curled conformation 
of the tail is stabilized by intramolecular interactions - hydrogen bonds between O5 of the 
ribosyl moiety (for numbering of the atoms in norpseudo-B12 see reference 13), the linker 
amide, and the carboxamide side chain connected to ring C of the corrin core (Fig. 4B) (14). 
These stabilizing interactions are conserved in both, the PceA equipped either with the 6-
OHBza-NCba or the 5-OMeBza-NCba. Another intramolecular hydrogen bond connects the 
amino group of the adenine and O2 of the ribosyl moiety only in the adeninyl-NCba. (Fig. 4B). 
The tight binding of the phosphate and sugar moieties in all PceA structures restricts the 
movement of the base to a rotation of the bond connecting base and sugar. The same rotation 
in turn is restricted by the protein surroundings. The base is placed in between the Cba-binding 
core of PceA (purple in figure 4) and a loop from the region binding the iron-sulfur clusters 
(14). Lys362 from this loop is within hydrogen-bonding distance of both the base and the 
phosphate. Gln364 reaches across the base and hydrogen bonds to O2 of the sugar.  
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Fig. 4: NCba cofactor-binding in PceA. A+B) Slice through a monomer of PceA showing the 
norpseudo-B12 cofactor. The adenine base (ball and stick in B) is sandwiched between the B12-
binding core (residues 139-163 and 216-323, behind the view, purple) and a loop from the iron-
sulfur cluster binding unit (residues 324-394, in front of the view and thus not shown, but 
Lys362 and Gln364 are indicated as boxes). Lys362 is within hydrogen bonding distance of the 
imidazole moiety in all three bases (dashed lines). C) When 6-OHBza is substituted for adenine, 
only the base is shifted slightly (thin blue lines represent the position of adenine). Greater 
change was observed for the water structure shown in blue balls (small dots denote water 
positions in norpseudo-B12 bound PceA). Electron density maps are shown for the base only 
(blue 1  2Fo-Fc and green 2.5  Fo-Fc difference maps when the benzimidazole substituents 
were omitted). D) The same as described in C is shown for the 5-OMeBza-NCba. E) Overlay 
of the bases in B-D and a hypothetical positioning of DMB, which was overlaid to 6-OHBza. 
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Thus, intramolecular and protein interactions effectively lock the position of the base and this 
is reflected by the conserved position observed for both benzimidazole-containing NCbas (Fig. 
4C, D). In PceA, but not in the structure of the non-respiratory RDase NpRdhA from 
Nitratireductor pacificus (28), a solvent channel reaches from the protein surface to the far end 
of the base and the amino group and N1 of the adeninyl base are in hydrogen-bonding distances 
to water molecules (Fig. 4B). The three different substituents on the various bases, namely the 
amino group of the adeninyl moiety (Fig. 4B), the hydroxyl group of the 6-OHBza moiety (Fig. 
4C), and the methoxy group of the 5-OMeBza moiety (Fig. 4D) are accommodated by a change 
in the water structure rather than a change in the position of the base or a reorientation of 
surrounding side chains. 
The closest interactions between the new substituents were seen between Ala289 and the 6-
OHBza moiety (3 Å) and Ile22 of the N-terminal loop region and the 5-OMeBza moiety (3.5 
Å). A substitution at a position other than C5 or C6 may not be possible without a change in 
the protein scaffold. Given the positioning of the 6-OHBza- and the 5-OMeBza-moieties in 
PceA, no clash with the protein would be expected with a hypothetical MeBza or DMB as lower 
base (Fig. 4E). Hence, the static, folded structure cannot fully explain the apparent lack of 
functionality of the MeBza-NCba and the DMB-NCba. The unique feature of PceA is the 
solvent accessible and water-bound base. Such solvation might play a role in cofactor 
acquisition and correct functional folding of both PceA enzyme and cofactor.          
 
DISCUSSION 
 
An important function of the cobamide's nucleotide loop in enzymes harboring a ‘base-off’ 
cobamide is the binding of the cofactor to the protein and thus stabilizing the correct position 
of the cobamide in the enzyme. The nucleotide loop of Cbas is variable in structure and this 
diversity might interfere with the incorporation and correct positioning of the cofactor in Cba-
dependent enzymes. This assumption is expected to be especially relevant for the RDase 
enzyme family, since these biological catalysts bind the cofactor with a network of hydrogen 
bonds deeply inside the protein (14, 28). The PceA enzyme of S. multivorans equipped with 
either the norpseudo-B12 or singly substituted benzimidazole-containing NCbas, i.e., the 6-
OHBza-NCba and the 5-OMeBza-NCba, revealed no difference in binding of the cofactor in 
general and the lower base in particular. Actually, the positioning of the lower base was found 
to be nearly identical. Also in the case of MeBza-NCbas, incorporation at all did not appear to 
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be hindered, since both NCba isomers, the 5-MeBza- and the 6-MeBza-containing variant, were 
detected in the enzyme and the cofactor incorporation efficiency was >98%. However, the 
enzyme activity of the pool of PceA molecules was reduced and the difficulties observed in 
crystallization of purified PceA indicated an inhomogeneity of the sample. Crystallization of 5- 
and 6-MeBza NCba-containing PceA resulted in a different crystal packing in which the base 
could not be fully resolved, thus, its detailed structure remains unknown. Since 5-OHBza or 5-
OMeBza incorporated as lower bases in 6-OHBza-NCba or 5-OMeBza-NCba were functional 
in the enzyme, it is hard to conclude on the specific isomer of MeBza-NCba that causes PceA 
malfunction. In the case of DMB, the respective NCba was most probably even excluded from 
the incorporation into PceA (see also 10). However, also the incompatibility of DMB as lower 
base might not be due to steric hindrance inside the binding pocket. No structural clash between 
the substituents at the benzimidazole moiety and the protein environment were identified in the 
structure. Hence, it has to be assumed that the lower base substitution pattern might interfere 
with the folding process rather than with the dimensions of the binding pocket present in the 
fully-folded enzyme. 
Whether the cofactor has to attain a specific conformation prior to the incorporation into the 
enzyme and whether this might be differentially affected in the various benzimidazolyl-NCbas 
tested here remains elusive. Here, the hydrophobic methyl groups in DMB-NCba and MeBza-
NCbas could interfere with the incorporation process. The lower base of the NCba cofactor in 
PceA is placed in a solvent-flooded cavity, which might be incompatible with the hydrophobic 
character of the methylated benzimidazoles. The DMB of the Cba cofactor in NpRdhA is 
protected from solvent (28), which could result in a different preference for alternative Cba 
cofactors.  
It was observed earlier that the structure of the lower base influences the ratio between the 
‘base-off’ and the ‘base-on’ form of Cbas in solution. This might influence the incorporation 
efficiency especially when the Cba cofactor has to obtain its ‘base-off’ conformation prior to 
the assembly with the RDase apoprotein. Kräutler and coworkers showed the adenine-
containing pseudocoenzyme B12 having a higher tendency to occur in the ‘base-off’ form in 
solution when compared to the DMB-containing coenzyme B12 (31). Even between structural 
isomers, the tendency to obtain the ‘base-off’ conformation differs. Taga and coworkers 
reported a lower pKa value for 5-OMeBza-Cba in comparison to 6-OMeBza-Cba (20). 
However, a systematic analysis of the impact of all potential lower bases on the constitution of 
the cofactor under physiological conditions is not available, yet. A cooperative process 
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including PceA folding and structural adaptation of the NCba cofactor that lead to the final 
constitution of the enzyme-cofactor complex cannot be excluded. Reconstitution experiments 
with apoprotein of PceA, which would help to analyze the compatibility of the unfolded protein 
with different NCba/Cba cofactors, were not successful or have not been tried yet with Cbas 
containing lower bases different from DMB. These efforts are going to be intensified in future 
studies. 
The role of chaperones in the Cba cofactor incorporation was not investigated so far. Specific 
chaperones, such as RdhT homologoues (32, 33) are not found in S. multivorans and have not 
been identified in D. mccartyi. Banerjee and coworkers reported the transfer of the Cba cofactor 
to the methylmalonyl-CoA mutase to be mediated by the adenosyltransferase (ATR) (34). An 
ATR homologue is not present in S. multivorans. Since the NCba cofactor of PceA is 
catalytically active without the adenosyl-moiety, this gene function is dispensable in the 
organism. 
Not all RDases seem to bind the Cba cofactor in the ‘base-off’ mode. As recently reported for 
the reconstituted VcrA of D. mccartyi strain VS, the DMB-containing Cba cofactor showed the 
lower ligand bound to the cobalt also in the enzyme-bound state (35). In addition, other RDases 
show different preferences in the type of the lower base in the Cba cofactor (21-24), which 
implies that a general rule for the cofactor compatibility of RDases does not exist or cannot be 
derived from the data available at the moment.  
The specificity in the formation of 6-OHBza-NCba out of 5-OHBza and 5-OMeBza-NCba out 
of 5-OMeBza was an unexpected finding and adds a new facet to the unusual nucleotide loop 
assembly pathway in S. multivorans (36). Earlier, Friedrich and Bernhauer (37) reported the 
extraction and identification of 5-MeBza-Cba and 6-MeBza-Cba produced by 
Propionibacterium shermanii in the presence of 5-MeBza, albeit in a ratio of 96:4, which 
showed a clear preference for the formation of 5-MeBza-Cba in this organism. In 
Methanobacterium thermoautotrophicum, which has been shown to produce OHBza-Cba, 
approximately 10% of 6-OHBza-Cba was detected (38). And only recently, Taga and 
coworkers found a mixture of Cba isomers in Sinorhizobium meliloti and Veillonella parvula, 
both cultivated in the presence of 5-OMeBza or 5-OHBza (20, 39). However, the exclusive 
biosynthesis of benzimidazolyl-Cbas with a single substituent in position 6 of the 
benzimidazolyl-moiety as shown here for S. multivorans has not been described so far. Cbas 
are channeled into the Cba biosynthetic pathway by the activity of the 
phosphoribosyltransferase CobT. It is currently under investigation in our laboratory whether 
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the regioselectivity of CobT from S. multivorans lays the foundation for the observed structural 
diversity in the NCbas containing OMeBza or OHBza in the organism. 
 
MATERIALS AND METHODS 
 
Cultivation of bacteria. Sulfurospirillum multivorans (DSMZ 12446) was cultivated as 
described previously in Keller et al. (10). Anoxic and sterile stock solutions of the different 
benzimidazoles (up to 4 mM) were prepared in ultrapure water and used for the amendment of 
the media prior to the inoculation. All benzimidazole derivatives were purchased from Sigma-
Aldrich (Munich, Germany), except for 5-OHBza that was delivered by Combi-Blocks, Inc. 
(San Diego, CA, USA) and DNO2Bza that was purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA). Cells of S. multivorans were adapted to the different cultivation conditions 
in two subsequent pre-cultures prior to the cultivation of cells for growth monitoring, PceA 
activity measurements, or cobamide extraction. The inoculum was 10%. The cells were 
transferred when the culture without the amendment of benzimidazoles reached the maximal 
OD. In every case, the first pre-culture was inoculated from a pyruvate/PCE-grown culture of 
S. multivorans routinely prepared for strain maintenance.  
 
Measurement of PceA activity, immunoblot, cobamide extraction and HPLC analysis. The 
production of cell free extracts and the determination of the PceA enzyme activity in crude 
extracts from S. multivorans cells was performed as described previously (10). This also applies 
to immunological detection of PceA in cell free extracts. The cobamide extraction and analysis 
was conducted in accordance to the protocol published earlier (10). The cells were cultivated 
in 1 L pyruvate/fumarate-containing medium and harvested when the optical density (OD578) 
reached 0.55. The mobile phases used for separation of the cobamides via high-performance 
liquid chromatography (HPLC) were 12% methanol/0.2% acetic acid (solvent A) and 99.8% 
methanol/0.2 % acetic acid (solvent B). The flow rate was 0.5 mL/min and the separation was 
performed isocratically at 30°C. The 6-OHBza norcobamide was purified additionally via solid 
phase extraction on a CHROMABOND® HR-X column (3 mL, 200 mg; Macherey-Nagel, 
Düren, Germany) according to the manufacturer's instructions. 
 
UHPLC-ESI-HRMS. For UHPLC, an Ultimate 3000 series RSLC (Dionex, Sunnyvale, CA, 
USA) was used, applying an Acclaim C18 column (150 × 2.1 mm, 2.2 µm particles with 120 
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Å pore diameter, Dionex, Sunnyvale, CA, USA) with a flow rate of 300 µL min-1 in a binary 
solvent system of water (Solvent A) and acetonitrile (hypergrade for LC MS, Merck, Darmstadt 
Germany) (Solvent B), both containing 0.1% (v/v) formic acid (eluent additive for LC-MS, 
Sigma Aldrich, Munich, Germany). Sample volumes were loaded onto the column and eluted 
by using a gradient as follows: linear increase from 0% B to 100% B within 15 min - 100% B 
constant for 5 min – equilibration time at 0% B for 5 min. This system was coupled to a LTQ-
Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Ionization was 
accomplished using Electrospray Ionization (ESI). ESI source parameters were set to 4 kV for 
spray voltage, 35 V for transfer capillary voltage at a capillary temperature 275 °C. The samples 
were measured in positive ion mode in the mass range of m/z 100 to 2000 using 30,000 m/Δm 
resolving power in the Orbitrap mass analyzer. Data was evaluated and interpreted using 
XCALIBUR software (Thermo Fisher Scientific, Waltham, MA, USA). 
 
NMR measurements. NMR spectra (1H NMR, 1H-1H COSY, 1H-1H ROESY, 1H-13C HSQC 
and 1H-13C HMBC) were recorded on a Bruker Avance III HD 700 spectrometer, equipped with 
a cryoplatform and a 1.7 mm TCI microcryoprobe (Bruker Biospin GmbH, Rheinstetten, 
Germany). NMR tubes of 1.7 mm outer diameter were used for all measurements. All NMR 
spectra were recorded using D2O as a solvent. Accurate tuning of the spectrometer frequencies 
(700.45 MHz for 1H and 176.14 MHz for 13C) was accomplished prior to the experiments. 
Chemical shifts were left uncorrected. Data acquisition and processing were accomplished 
using TopSpin ver3.2. (Bruker Biospin). Standard pulse programs as implemented in TopSpin 
were used for data acquisition. 
 
Crystallization of PceA and structural analysis. For the purification of PceA the S. 
multivorans mutant strain GD21 was cultivated as reported before (14, 40) in the presence of 
different benzimidazoles (see also above). The purification of PceA was performed as described 
in previous reports (14, 40). Crystallization and flash cooling of crystals were performed under 
anoxic conditions in a glove box (model B; COY Laboratory Products, Grass Lake, MI, USA) 
under an atmosphere of 95% N2/5% H2 and less than 10 ppm oxygen. Crystals were grown by 
the sitting drop vapor diffusion method at room temperature. 1 µL of 5-15 mg mL-1 PceA in 30 
mM Tris-HCl, pH 7.5, 5 mM TCEP was mixed with 1 µL of crystallization solution containing 
12-17% (w/v) PEG 3350 and 0.2 M sodium malonate, 2% benzamidine-HCl and 50 mM Tris-
HCl, pH 7.5. Crystals were flash cooled in liquid nitrogen after protection in the crystallization 
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solution supplemented with 20% (v/v) glycerol and 25% (final w/v) PEG 3350. Once plunged 
into liquid N2, crystals were removed from the anoxic atmosphere, from thereon stored, and 
handled under liquid N2. 
Diffraction data for PceA equipped with 5-OMeBza norcobamide were collected on BL14.1 
operated by the Helmholtz-Zentrum Berlin (HZB, Germany) at the BESSY II electron storage 
ring (Berlin-Adlershof, Germany) (41). Data for PceA equipped with 6-OHBza norcobamide 
were collected at beamline P11 at PETRA-III (DESY, Hamburg, Germany) (42, 43). Data were 
indexed and integrated with the XDS package (44) and XDSAPP (45). Restraints for the base 
were generated by the Grade Server v1.001 and used to modify the vitamin B12 restraint file 
posted by Oliver Smart (Global Phasing Ltd., Cambridge, UK). Models were fitted in COOT 
(46), refined with phenix.refine (47) and validated with Molprobity (48). Data collection and 
refinement statistics are summarized in the Table S1. Model coordinates and structure factors 
for PceA equipped with different norcobamides have been deposited at the protein data bank 
(PDB) under accessions numbers 5OBP (PceA with 6-OHBza norcobamide cofactor) and 5OBI 
(PceA with 5-OMeBza norcobamide cofactor). 
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The reductive dehalogenation of alkyl and aryl halides by a single RDase enzyme is found only 
rarely. In this study, the PCE-dechlorinating PceA of S. multivorans was shown to efficiently 
convert also brominated phenols, thus allowing for structure and function analysis of an RDase 
able to dehalogenate both substrate classes. An unambiguous positioning of halogenated 
phenols at some distance from the cobamide in the active site of PceA, combined with the 
absence of an intimate cobalt-substrate interaction in EPR spectroscopy suggest a new reaction 
mechanism for cobamide cofactors involving a dissociative long-range electron transfer from 
the cobalt to the substrate. Thus, the catalytic cycle of RDases can be clearly distinguished from 
other B12-containing enzymes like adenosylcobalamin-dependent enzymes and 
methyltransferases.  
 
My own contribution to this publication covers about 40%. 
I conducted the cultivation of S. multivorans GD21, the purification of PceA and enzyme 
activity assays with the isolated protein. During a day stay at the Bessy II electron storage ring 
I performed soaking experiments with PceA crystals and generated diffraction patterns of the 
crystals, a task that was otherwise performed by Martin Bommer. All coauthors participated in 
the interpretation of the results. I have written the original manuscript and revised it including 
comments from all coauthors.   
The characterization of the mutant strain S. multivorans GD21, the optimization of the PceA 
purification and maturation and the determination of the redox states of the cofactors of PceA 
using EPR (performed during a research stay at WR Hagen’s lab) was the subject of my master 
thesis. 
 
For supplementary information see appendix, pp. xxxv - lvi.  
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2.4 Subtle changes in the active site architecture untangled overlapping 
substrate ranges and mechanistic differences of two reductive 
dehalogenases   
Kunze C, Diekert G, Schubert T (2017) accepted in FEBS J, August 30, doi: 
10.1111/febs.14258.  
 
 
 
Next to RDases catalyzing halogen substitution reactions, a distinct group of putative 1,2-
dichloroethane (DCA)-RDases (DcaA) were found that convert their substrates in a 
dihaloelimination reaction. Comparable in silico structural analysis and functional investigation 
of a tetrachloroethene-converting and a dichloroethane-converting representative unraveld an 
extensive influence of the active site’s architecture on the functionality and substrate spectrum 
of the enzymes. The two types of reductive dehalogenation reactions have been clearly 
delineated from each other with regard to the involvement of proton transfer steps.   
 
 
 
My own contribution to this publication covers about 90%. 
I conducted all experiments. I have written the original manuscript and revised it including 
comments from all coauthors.   
 
 
 
 
 
 
 
 
For supplementary information see appendix, pp. lvii - lxiv.  
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2.5 Selective, light-driven enzymatic dehalogenations of organic 
compounds  
Siritanaratkul B, Islam STA, Schubert T, Kunze C, Goris T, Diekert G, Armstrong FA 
(2016) RSC Adv 6, 84882-84886. 
 
 
 
So far, activity assays with RDases were conducted using chemical electron mediators, whereby 
the entry point of the electrons into the RDase and its mechanism was not known. In this study, 
evidence for the interfacial electron transfer from an external electron source via the iron-sulfur 
cluster to the active site is given for PceA of S. multivorans. In addition, a setup was established 
allowing for reductive dehalogenation of chlorinated ethenes by PceA bound to an electrode 
that is driven by UV light, thus offering a future perspective for its use in bioremediation of 
organohalide-contaminated sites, which still belong to the most frequently detected and most 
toxic and hazardous pollutants in the environment. 
 
 
 
My own contribution to this publication covers about 10%. 
This includes the cultivation of the mutant strain S. multivorans GD21 and the purification of 
PceA. During a two week stay at the University of Oxford I participated in electrochemical 
measurements (cyclic voltammograms) using PceA bound to a PGE electrode. Furthermore, I 
participated in the revision of the manuscript.      
 
 
 
 
 
For supplementary information see appendix, pp. lxv - lxvii.  
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3  Discussion       
 
 
Organohalides belong to the most abundant pollutants in the environment. Due to their 
recalcitrant carbon-halide bonds and toxicity, bioremediation attempts have to be intensified. A 
potential solution is provided by a special group of bacteria, called organohalide-respiring 
bacteria, which is able to utilize these halogenated compounds as electron acceptors in a 
respiratory chain (summarized in Adrian and Löffler, 2016). The use of a cobamide cofactor 
for the reductive dehalogenation of these compounds makes RDases unique among terminal 
reductases. However, their in-depth biochemical investigation was still pending. 
 
3.1 RDases as a new class of cobamide-dependent enzymes with a unique 
three-dimensional structure  
In this study, the cultivation of S. multivorans and the isolation of its tetrachloroethene-
converting PceA was optimized to provide the required quantity of protein in a quality to allow 
for detailed structural and functional analysis. Thus, the first crystal structure for a respiratory 
RDase was resolved by X-ray crystallography. The PceA crystal structure showed the enzyme 
in a homodimeric arrangement with a large interface formed mainly by the cobamide binding 
domains with their typical nitroreductase fold, whereby each monomer harbors all cofactors 
and is independently active (ch. 2.1). In parallel to the results obtained here, the crystal structure 
of the non-respiratory ortho-dibromophenol reductase (NpRdhA) from Nitratireductor 
pacificus pHt-3B, described to reduce 3,5-dibromo-4-hydroxybenzoate in a halogen 
substitution reaction, was elucidated (Payne et al., 2015a). Although the NpRdhA structure is 
monomeric, the protein sequence is about 50% longer than PceA and encodes two duplicated 
cobamide-binding domains, which are positioned in a way that they resemble the PceA dimer. 
Here, only one of the two domains binds the cofactor, the other one is likely a consequence of 
gene duplication and divergence (Payne et al., 2015a). Both RDase structures, a PceA monomer 
compared to NpRdhA, displayed the same arrangement of the cofactors. Given the fact that the 
enzymes share only 28% protein sequence identity and represent distinct classes of RDases 
with regard to main substrate ranges, cofactor positioning is assumed to be a conserved feature 
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in RDases. The cobamide is non-covalently bound in the center of the protein in the ‘base-off’ 
conformation in the [CoII]-state (Fig. 3.1; ch. 2.1; Payne et al., 2015a). The cobalt ion is neither 
coordinated to the lower ligand base as typical for isolated cobamides, nor to an alternative 
lower base such as a histidine of the protein backbone as shown for the well-characterized 
cobamide-dependent methyltransferases and most adenosylcobalamin-dependent enzymes 
(Fig. 3.1 A-D; Banerjee and Ragsdale, 2003; Gruber et al., 2011; Bridwell-Rabb and Drennan, 
2017a). The 5-coordinated ‘base-off’ cobamide was confirmed by EPR spectroscopy of the as-
isolated enzymes (see appendix p. xliv; Payne et al., 2015a) and is consistent with previous 
EPR studies of PceA of D. restrictus and CprA of D. dehalogenans (Schumacher et al., 1997; 
van de Pas et al., 1999). Furthermore, instead of a methyl group or a 5’-deoxyadenosyl group 
typical for methyltransfereases, mutases and eliminases (Banerjee and Ragsdale, 2003; Gruber 
et al., 2011; Bridwell-Rabb and Drennan, 2017a), the RDase cofactor was found to bind a water 
molecule, or alternatively a hydroxyl group, as upper axial ligand to the cobalt ion (called 
aquocobamide or hydroxocobamide) (Fig. 3.1 B-D; ch. 2.1; Payne et al., 2015a). So far, only 
the reconstituted VcrA of Dehalococcoides mccartyi strain VS was shown to bind the cobamide 
in a 5-coordinated [CoII]-state in the ‘base-on’ conformation (Parthasarathy et al., 2015). Here, 
the lower ligand base is coordinated towards the cobalt ion, while an upper axial ligand is 
missing. In 1,2-dichloropropane RDases (DcpAs) from dehalogenating Chloroflexi a putative 
cobamide-binding motif (DHXG-X39-S-X32-G) was identified (Padilla-Crespo et al., 2014). 
However, detailed biochemical characterization of these enzymes is not available up to now. It 
remains to be seen, whether DcpAs might bind the cobamide cofactor in a ‘base-off/His-on’ 
conformation. All in all, the global protein fold, the more common mode of ‘base-off’ cobamide 
binding and the presence of a water/hydroxyl group as upper axial ligand of the cobalt clearly 
differentiate RDases from adenosylcobalamin-dependent enzymes and methyltransferases and 
places RDases in a novel class of cobamide-containing oxidoreductases.  
Structural homologs in the cobamide binding domain of RDases were first found in the 
previously reported human B12 binding protein methylmalonic aciduria cblC type with 
homocysteinuria (MMACHC) (Kim et al., 2008). Later, the crystal structures of the 
epoxyqueuosine reductases (QueG) from Streptococcus thermophilus (Payne et al., 2015b) and 
Bacillus subtilis (Dowling et al., 2016) were resolved. The enzymes are classified together with 
RDases within cobamide-containing iron-sulfur proteins and share protein sequence similarities 
in the C-terminal part including the two iron-sulfur cluster binding motifs (Miles et al., 2011). 
Both QueG structures resemble the aquocobamide- and the two [4Fe-4S] cluster binding 
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module of the RDases (Fig. 3.1 E; Payne et al., 2015b; Dowling et al., 2016), thus suggesting 
a conserved electron transfer pathway in both cobamide-containing iron-sulfur proteins. 
However, while the overall features of cobamide binding are similar, the detailed hydrogen 
bonding networks differ among the proteins. This might be based on the lack of a conserved 
cobamide binding motif in their protein sequences.  
 
 
 
Figure 3.1: Mode of cobamide binding in different classes of cobamide-dependent enzymes. A) 
Isolated cobamide (here norpseudo-B12; Kräutler et al., 2003) in the ‘base-on’ conformation 
binding the nucleotide base as lower ligand. B) ‘Base-off/His-on’ adenosylcobalamin from 
human methylmalonyl-CoA mutase (Froese et al., 2010). The highly light-sensitive Co-C5’ 
bond between the Co and the 5’-deoxyadenosyl group as upper ligand was likely broken in the 
X-ray beam. C) ‘Base-off/His-on’ methylcobalamin from E. coli (Drennan et al., 1994). The 
methyl group is colored cyan. D) ‘Base-off’ aquocobamide from RDases (here norpseudo-B12 
from PceA of S. multivorans) with a curled linker moiety. E) ‘Base-off’ aquocobalamin from 
epoxyqueuosine reductase (QueG) from B. subtilis with an arginine in the protein backbone 
blocking access to the lower face of the cobalt ion. In D+E the water molecule/hydroxyl group 
as upper ligand is shown as red sphere. 
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In QueG of B. subtilis a conformational change of the cobamide cofactor to its ‘base-on’ state 
is prevented by an arginine that is blocking the access to the lower axial position and may 
preorganize the cofactor for reduction to the catalytically active square-planar [CoI] species 
(Dowling et al., 2016). Exchange of the arginine to alanine led to strongly reduced turnover 
rates. Also in QueG of S. thermophilus access to the cobalt is prevented by the protein backbone 
(Payne et al., 2015b). Unique for PceA and NpRdhA is the stabilized curled linker moiety in 
the nucleotide loop of the cobamide compared to the typically rather extended conformation 
(Fig. 3.1 B-E; ch. 2.1; Payne et al., 2015a; Svetlitchnaia et al., 2006). It is expected that the 
curled arrangement prevents a reorientation of the lower ligand base towards to cobalt and 
hence the formation of [CoIII] and an impact on the reaction mechanism. In addition, the protein 
environment makes the binding of an alternative lower ligand such as a histidine residue 
impossible. Stability of the [CoII]-signal in EPR measurements upon oxidation of PceA of S. 
multivorans and D. restrictus and CprA of D. dehalogenans up to a redox potential of about 
+300 mV supports this assumption (see appendix p. xliv; Schumacher et al., 1997; van de Pas 
et al., 1999). If the ‘base-on’ conformation in the [CoIII]-state should emerge in the course of 
the reaction, the midpoint redox potential of the [CoIII]/[CoII] redox pair would be unusually 
high. The midpoint redox potential of the [CoII]/[CoI] couple was shown to be about -380 mV 
at pH 7.5 in PceA of S. multivorans (Kräutler et al., 2003) and thus about 100 mV more positive 
than for the [CoII]/[CoI] couple of the isolated norpseudo-B12 (-490 mV at pH 7, Kräutler et al., 
2003). Apparently, the fixed ‘base-off’ conformation together with the weak water/hydroxyl 
group as upper ligand strongly supports the reduction of the protein-bound cobamide cofactor 
to the catalytically active [CoI]-state in PceA. So far, S. multivorans and the closely related 
Sulfurospirillum halorespirans are the only organisms found that produce norpseudo-B12 
(Kräutler et al., 2003; Goris et al., 2017). The atypical norcobamide showed a significant higher 
abiotic reductive dehalogenation activity when compared to norcobalamin or cobalamin 
(Neumann et al., 2002; Keller et al., 2014), which were reported to be much harder reducible 
with a midpoint redox potential of the [CoII]/[CoI] couple of about -610 mV (Lexa and Saveant, 
1983). This was attributed to the higher tendency of the adenine moiety in cobamides to stay in 
the ‘base-off’ conformation in solution compared to DMB-containing cobamides, and thus 
facilitating cobalt reduction in the course of the abiotic reaction mechanism (Fieber et al., 2002; 
Krone and Thauer, 1989a). In contrast, reduction of the 5-coordinated ‘base-off’ cobamide 
cofactor bound in PceA of D. restrictus and CprA of D. dehalogenans, which was at least in 
PceA expected to be cobalamin (Holliger et al., 1998; Rupakula et al., 2013), showed the same 
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midpoint redox potential like the norpseudo-B12 cofactor in PceA of S. multivorans 
(Schumacher et al., 1997; van de Pas et al., 1999). This further strengenths the assumption that 
the fixed curled nucleotide loop of the cobamide and the protein environment in RDases 
permanently prevent the formation of the ‘base-on’ state of the cobamide cofactor and the 
involvement of the lower ligand in the RDase-mediated reaction mechanism at all. Hence, in 
this respect a clear mechanistic difference exists between abiotic and biotic cobamide-mediated 
reductive dehalogenation. 
Structural variability in the PceA-bound cobamide was shown by generating different 
norcobamides in S. multivorans (ch. 2.2). Next to norpseudo-B12, also 5-OMeBza- and 6-
OHBza-NCba were incorporated into PceA without any loss in enzyme activity or maturation, 
all occupying a conserved position in the crystal structure. Interestingly, S. multivorans only 
produced these isomers of the norcobamides. Whether the unusual regioselectivity in the 
cobamide biosynthesis reflects an adaptation to the needs of the PceA enzyme remains 
speculative. According to the crystal structure of PceA, the protein would also allow for an 
inverse substitution pattern in the lower ligand base, since no sterical constraints with the 
protein environment get obvious. On the other hand, the incorporation of methylated 
benzimidazolyl-NCbas strongly affected PceA maturation and activity (ch. 2.2; Keller et al., 
2014). Since the lower ligand of the cobamide in PceA was shown to be not involved in the 
RDase mechanism (see above), it can be assumed that the character of the lower ligand base is 
rather important for correct binding of the cofactor and protein folding and that the loss of 
activity is only a consequence of incorrect PceA maturation. It is not known whether the 
cofactor has to attain a specific conformation prior to the incorporation into the RDase proteins 
or whether nucleotide loop arrangement intertwines with the PceA folding process. Either way, 
the hydrophic character of the methylated benzimidazoles might be incompatible with the lower 
ligand positioning in a solvent accessible cavity. The DMB base of the cobalamin cofactor in 
NpRdhA is buried within the protein and protected from solvent (Payne et al., 2015a). Next to 
NpRdhA, also VcrA of D. mccartyi VS is fully active with cobalamin as cofactor (Parthasarathy 
et al., 2015). And organohalide-dependent growth of further cobamide-auxotrophic D. mccartyi 
strains was shown to depend on cobamides with DMB, 5-MeBza or 5-OMeBza as lower ligand, 
while 5-OHBza, Bza or adenine did not allow for dehalogenating activity (Yi et al., 2012; Yan 
et al., 2012; Yan et al., 2013; Yan et al., 2016). However, no structural data are available here, 
leaving open the question whether the lower ligand base is protected from solvent as described 
for NpRdhA. Beyond that, generalists and specialists in cobamide cofactor utilization were 
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identified. PceA of D. hafniense Y51 remained active in the presence of various 
benzimidazolyl- and purinyl-cobamides, while the heterologously produced DcaA of D. 
dichloroeliminans DCA1 displayed an unexpected specificity for OMeBza-Cba as cofactor, 
showing about nine times higher activities compared to the presence of other benzimidazolyl- 
or purinyl-cobamides (T. Schubert; unpublished data). Whether OMeBza-Cba is also the 
natural cobamide cofactor in D. dichloroeliminans DCA1 is not known so far. The organism 
possesses a full set of genes required for cobamide biosynthesis, but genes for benzimidazole 
biosynthesis are not included (NC_019903). Among all these RDases PceA of S. multivorans 
is unique by binding norcobamides lacking a methyl group in the nucleotide loop at C176 
(Kräutler et al., 2003). Whether the cobamide cofactor structure was adapted to the PceA 
protein, which three-dimensional structure revealed special constraints not allowing for a 
methyl group at this position (ch. 2.1), or the PceA protein was adapted to the norpseudo-B12 
cofactor remains speculation. In the presence of mainly methyl group containing pseudo-B12 
with only a small fraction of norpseudo-B12 left production of active PceA was observed, 
although at lower rates (Keller et al., 2016). It has not yet been tested if pseudo-B12 was 
effectively incorporated into the protein and whether it causes a rearrangement of the protein 
environment, or if the reduced activity rather results from PceA occupied with remaining 
norpseudo-B12. Further structural analysis are required to figure out how RDases achieve 
cofactor specificity or flexibility. To get a better understanding of the diversity in natural 
cobamide cofactors used in RDases, further wide-ranging biochemical studies of RDases from 
phylogenetically diverse organisms will be necessary. Apparently, organohalide-respiring 
bacteria like S. multivorans or D. mccartyi strains are able to produce a variety of different 
cobamide derivatives, which does not necessarily reflect the needs of their RDase proteins (ch. 
2.2; Yi et al., 2012; Yan et al., 2012; Yan et al., 2013; Keller et al., 2014; Keller et al., 2016; 
Yan et al., 2016). It is conceivable that the evolution of RDases, especially of cobamide-
auxotrophic organohalide-respiring bacteria, adapted to the presence or limitation of cobamide 
building blocks in their surrounding environment.  
To allow for the reduction of the cobamide cofactor at the active site, the structural analysis of 
PceA and NpRdhA (ch. 2.1; Payne et al., 2015a), as well as the structural analysis of the QueGs 
from S. thermophilus (Payne et al., 2015b) and B. subtilis (Dowling et al., 2016) as further 
representatives of the new class of cobamide-dependent enzymes, suggest a consecutive 
electron transfer via the two [4Fe-4S] cluster. These are positioned in close distance between 
the protein surface and the cobamide cofactor allowing for the intramolecular electron transfer 
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from an external electron donor to the cobamide (Fig. 3.1 D, E; ch. 2.1; Payne et al., 2015a; 
Payne et al., 2015b; Dowling et al., 2016). By binding the isolated PceA protein on a redox 
electrode the electron transfer chain could be emulated, assuming the electrode as the direct 
electron donor in the respiratory chain (ch. 2.5). Thus, one of the two cubane iron-sulfur cluster 
could be identified as the entry site for electrons at an onset potential of -450 mV vs. SHE at 
pH 7. This was confirmed by EPR-coupled redox titration showing midpoint redox potentials 
for the [4Fe-4S]1+/[4Fe-4S]2+ redox pair of -440 mV at pH 7.5 (unpublished data). A similar 
potential was also determined for the two [4Fe-4S]-cluster in PceA of D. restrictus 
(Schumacher et al., 1997). The redox potentials for the two cubane iron-sulfur cluster in 
NpRdhA, as well as in VcrA of D. mccartyi VS, were not determined (Payne et al., 2015a; 
Parthasarathy et al., 2015). Since the midpoint redox potential of the [CoII]/[CoI] couple of the 
cobamide cofactor was determined to be about -370 mV at pH 7.5-8 (Schumacher et al., 1997; 
van de Pas et al., 1999; Kräutler et al., 2003) electron transfer within the protein is quaranteed. 
A previously proposed splitted electron flow to the cobamide cofactor in the active site, 
whereby each electron enters the protein separately via a single [4Fe-4S] cluster (Neumann et 
al., 1996) cannot be excluded, but seems rather unlikely after elucidation of the cofactor 
positioning in the enzyme. In addition, the splitted electron flow was suggested on the 
assumption that [CoIII] is formed in the course of the catalytic cycle (Neumann et al., 1996). 
However, the presence of the oxidized [CoIII] state was not observed so far (see above). An 
exception might be CprA of D. dehalogenans that harbors a [3Fe-4S] cluster with a midpoint 
redox potential of +70 mV next to one low-potential [4Fe-4S] cluster (van de Pas et al., 1999). 
The positive potential of the [3Fe-4S] cluster would form a thermodynamic barrier within the 
consecutive electron transfer chain. Its function in CprA remains to be elucidated. Whether the 
electrons enter the RDase at the distal or the proximal [4Fe-4S] cluster could not be resolved 
with the methods applied. The PceA crystal structure suggests a membrane attachment of the 
PceA protein via two highly flexible regions, one in each monomer, which would place the 
distal [4Fe-4S] cluster in proximity to putative membrane-integral respiratory chain 
components (ch. 2.1). Such a highly flexible region was not described for the crystal structure 
of the non-respiratory, cytoplasmic NpRdhA (Payne et al., 2015a), highlighting its role in 
membrane orientation of PceA. Up to date, the physiological electron donor for RDases in the 
organohalide respiratory chain is not known, but several models for divers organohalide-
respiring bacteria exist, which all involve putative membrane-integral electron carrier 
(Schumacher and Holliger, 1996; Goris et al., 2015; Kruse et al., 2015; Kublik et al., 2016; 
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Fincker and Spormann, 2017). Further biochemical and spectroscopic studies will be necessary 
to elucidate the electron transfer route within the respiratory chain.  
The iron-sulfur cluster binding domain in PceA and NpRdhA is tightly packed against the 
cobamide binding unit (ch. 2.1; Payne et al., 2015a). This suggests, moreover, a close interplay 
between all cofactors during RDase maturation. The Strep-tagged PceA variant produced in the 
mutant strain S. multivorans GD21 was lacking about 62% of its cofactors under standard 
cultivation conditions including 90 µM FeSO4 in the medium (see appendix p. xlix). A 
complete occupation of PceA with all [4Fe-4S] cluster was attained by increasing the FeSO4 
concentration in the growth medium, which indicated an iron limitation during PceA 
maturation. The concomitant increase in the cobamide cofactor content in PceA, although the 
cobamide biosynthesis was not altered, highlights thereby the close coupling between iron-
sulfur cluster and cobamide incooperation, only allowing for cobamide binding if the [4Fe-4S] 
cluster are present too. The importance of the two [4Fe-4S] cluster for RDase folding and 
activity was confirmed in the inactivated C387S and C439S mutants of the heterologously 
produced DcaA from D. dichloroeliminans DCA1 (ch. 2.4). In the same way, already the 
exchange of one of the hydrogen bonding partners for the cobamide cofactor, a frequently 
conserved asparagine in the active site, abolished enzyme activity most probably due to 
improper folding of the protein (ch. 2.4). This intertwine cofactor binding might also partially 
explain the difficulties in reconstitution of RDase apoproteins with cofactors, which was 
described in several attempts for heterologous production of these enzymes (Neumann et al., 
1998; Sjuits et al., 2012; Payne et al., 2015a).         
 
3.2 Reaction mechanism of RDases 
The well-known adenosylcobalamin-dependent enzymes and methyltransferases were 
described to rely on cobalt-carbon chemistry during the catalytic cycle (Banerjee and Ragsdale, 
2003; Gruber et al., 2011; Bridwell-Rabb and Drennan, 2017a). Also the abiotic dehalogenation 
of alkyl halides by isolated cobamides was proposed to involve Co-C bond formation 
(alkylation) via a nucleophilic attack of [CoI] on the electron-deficient halogen-binding carbon 
(Schrauzer and Deutsch, 1968; Krone et al., 1989a). However, the protein environments of 
PceA and NpRdhA, as representatives for RDases catalyzing halogen substitution reactions, 
exclude such a mechanism and requests another explanation for the enzyme-mediated catalytic 
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cycle for reductive dehalogenation. On the one hand, the protein prohibits the formation of a 
‘base-on’ cobamide cofactor, which was described as a transient state within alkylation 
reactions (ch.2.1; Payne et al., 2015a). On the other hand, access to the upper face of the cobalt 
is restricted by the active site architecture not allowing for a direct binding of the substrate’s 
carbon to the [CoI] (ch.2.1; ch. 2.3; Payne et al., 2015a). While X-ray structural analysis of 
PceA crystals soaked with TCE did not allow for an unambiguous deduction on the cobalt-
substrate interaction and thus the reaction mechanism, positioning of larger bromophenols in 
the active site was more defined and allowed for further structure-function analysis (ch. 2.3). 
Based on the distant positioning of the substrates with the halide substituents out of the axial 
position of the cobalt ion in the crystal structures of PceA and the absence of PceA-substrate 
interaction signals during turnover tracked by EPR spectroscopy, a dissociative long-range 
electron transfer mechanism was proposed that involves radical formation upon transfer of a 
first electron on the electron-deficient substrate and elimination of a halogen substituent (Fig. 
3.2 A; ch. 2.3). The close interaction between the cobamide and the proximal [4Fe-4S] cluster 
would either allow for the transfer of the second electron to the substrate radical directly from 
the [4Fe-4S] cluster, or would ensure rapid supply of further electrons for the cobalt ion. Both 
might be putative precautions to avoid long residence times for the radicals. How the enzyme 
recognizes the substrate to avoid oxidative damage by transferring electrons in an empty active 
site, remains elusive. In adenosylcobalamin-dependent enzymes the homolytic [CoIII]-carbon 
bond cleavage in the cofactor and thus generation of the catalytically active 5’-deoxyadenosyl 
radical was proposed to be initiated by a conformational change upon substrate binding (Gruber 
et al., 2011; Bridwell-Rabb and Drennan, 2017a). However, the positioning of the substrates in 
PceA’s active site does not involve the formation of any substrate-enzyme bonds and no 
conformational change, other than the disappearance of the upper water/hydroxyl group ligand, 
was observed upon reduction of the PceA crystals to the catalytically active [CoI]-state. The 
proposed dissociative long-range electron transfer mechanism without direct cobalt-substrate 
binding is consistent with the absence of a [CoIII] signal in EPR measurements so far (see above; 
see appendix p. xliv; Schumacher et al., 1997; van de Pas et al., 1999) and would allow for 
successive switches between [CoI] and [CoII] only. Substrate conversion and dehalogenation 
pattern are thereby mainly decided by internal charge distribution (bond energies and partial 
negative charges) within the substrate (ch. 2.3). A rather undirected electron transfer in PceA 
is furthermore supported by the production of all three isomers of dibromoethene from 
tribromoethene (Ye et al., 2010), while only cis-1,2-DCE was formed from TCE (Neumann et 
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al., 1996). During the reductive dehalogenation of 2,3-dichloropropene substrate radical 
formation was observed leading to adduct formation with methyl viologen radicals, the artificial 
electron donor applied in the enzyme assay (Schmitz et al., 2007). However, the positive effect 
of ammonium ions on the turnover rates for selected substrates in PceA still remains mysterious 
(ch. 2.3; Neumann et al., 1996; Ye et al., 2010). So far, only propyl iodide seem to overcome 
the structural barrier above the cobamide cofactor at the active site of PceA and directly interact 
with the cobalt. However, propyl iodide inhibited PceA function (ch. 2.3; Neumann et al., 
1995).  
 
 
 
Fig. 3.2: Proposed catalytic mechanisms of RDases. A) Dissociative long-range electron 
transfer mechanism from [CoI] leading to substrate radical formation and finally to the 
formation of a carbanion after elimination of the halogen substituent. B) Formation of a cobalt-
halogen bond after [CoI] attack directly at the halogen substituent followed by either heterolytic 
(top) or homolytic (bottom) cleavage of the carbon-halogen substrate bond. C) Alkylation of 
the cobalt by a nucleophilic attack of [CoI] on the carbon backbone of the organohalide.  
[CoI-III]: oxidation states of the cobalt ion in the cobamide cofactor; R: hydrocarbon backbone; 
X: halogen substituent. 
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In contrast to PceA, spectroscopic analysis of substrate-enzyme complexes in NpRdhA 
revealed a direct interaction between the cobalt ion and a bromine substituent of the substrate 
3,5-dibromo-4-hydroxybenzoate (Payne et al., 2015a). Based on these findings a reaction 
mechanism was proposed, which involves direct nucleophilic attack of [CoI] at the halogen 
substituent of the substrate leading to cobalt-halogen bond formation (Fig. 3.2 B). So far, crystal 
structures of NpRdhA-substrate complexes are not available, and in silico predictions of the 
substrate positioning show the substrate oriented with either the bromine substituent ortho to 
the hydroxyl group above the cobalt or out of the axial position with the hydrogen in meta-
position closest to the cobalt (Payne et al., 2015a; Pietra, 2015). Nevertheless, in both cases the 
substrate might be located closer to the cobalt in relation to the distance in PceA, allowing for 
cobalt-halogen interaction in NpRdhA. The fact that both enzymes, NpRdhA and PceA, convert 
bromophenols facilitate a direct comparison of their dehalogenation patterns. Apparently, 
NpRdhA selectively converts substrates that resemble the structure of 2,6-dihalogenated 
phenols (Payne et al., 2015a). In contrast, the substitution pattern in substrates for PceA is much 
more diverse and also meta- and para- substituents were removed (ch. 2.3). In addition, the 
positive effect of a decreasing electronegativity of the halogen substituents from chlorine to 
iodine on the substrate conversion in PceA (ch. 2.3) was not observed for NpRdhA (Payne et 
al., 2015a). This emphasizes a difference between both RDases, which might originate from 
two distinct reaction mechanisms. In D. mccartyi CBDB1 a reductive dehalogenation 
mechanism initiated through single electron transfer from [CoI] to the halogen site of various 
aryl halides as substrates was proposed, similar to the mechanism described in Fig. 3.2 
B(bottom) (Cooper et al., 2015). Also here, different partial charge models suggest that the 
regioselective dehalogenation is based on halogen-carbon bond polarization, removing the 
halogen substituent with the least negative partial charge. A restriction in substrate utilization 
based on the halogen substituent pattern as described for NpRdhA was thereby not observed. 
Only recently, Johannissen and colleagues reported on the probability that, according to 
molecular docking and density functional theory calculations, also the PceA-mediated 
dehalogenation of TCE follows adduct formation due to cobalt-halogen interaction (2017). 
However, such an intimate cobalt-substrate interaction was not observed in EPR spectroscopy 
after addition of substrates to the isolated PceA, neither for PCE or TCE, nor for bromophenols. 
Furthermore, the reductive dehalogenation of chloroanillines in Dehalobacter strain 14DCB1 
was proposed to be the result of an initial attack on a carbon-attached hydrogen atom (Zhang et 
al., 2017). Further biochemical studies will be necessary to elucidate the reaction mechanism 
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of the RDases involved here. And data obtained from compound-specific isotope analysis 
indicate a further mechanism via direct nucleophilic attack by [CoI] at the carbon backbone of 
the substrate in dehalogenating cultures of Desulfitobacterium sp. strain Viet1 and Geobacter 
lovleyi strain SZ, which would require an intimate cobalt-substrate interaction (Fig. 3.1 C), even 
though a dissociative single electron transfer could not be excluded (Cretnik et al., 2014). 
However, the actual positioning of the substrates at the active site of the enzymes involved is 
not known so far. Apparently, RDases are highly versatile and all four mechanisms proposed 
for the halogen substitution reaction might be found in the phylogenetically diverse 
organohalide-utilizing bacteria. It remains a mystery whether there was a mechanistic diversity 
already in the progenitor RDase that was adapted differently in individual RDases, or whether 
mechanistically different RDases evolved independently from each other. Very recent results 
obtained from dual-element isotope analysis propose an intimate cobalt-carbon bond formation 
as described for Desulfitobacterium sp. Viet1 and G. lovleyi SZ as the common mode in 
enzymatic reductive dehalogenation of chlorinated ethenes (Fig. 3.2 C; Heckel et al., 2017). 
These data are in contrast to the observations in PceA of S. multivorans described above and 
are currently under debate. The fact, that PceA of S. multivorans shows exceptional high 
activities, not only for halogenated ethenes, but also for bromophenols when comparing the 
dehalogenating activities between all so far purified RDases (ch. 2.3; see references in Tab. 
1.1), implicate differences between haloethene-utilizing RDases. The assumption that the 
specialties in the nucleotide loop structure of the norpseudo-B12 cofactor might be responsible 
for the high turnover rate of PceA seems rather unlikely since the cobamide’s tail is not involved 
in catalysis and the enzyme-bound norspeudo-B12 shows the same behavior like other cobamide 
cofactors (see above; see appendix p. xliv; Schumacher et al., 1997; van de Pas et al., 1999). 
Thus, the increased activity might be based on a differing reaction mechanism, however, other 
structural reasons can not be excluded. Further detailed mechanistic studies including RDase 
representatives from diverse organisms and for the conversion of all substrate classes 
(halogenated alkenes, halogenated alkanes, aryl halides) will be necessary to evaluate the 
distribution of the different proposed modes for initializing the cobamide-mediated enzymatic 
halogen substitution reaction.   
Nevertheless, RDases display an unprecedented way of utilizing a cobamide cofactor for the 
enzymatic reductive dehalogenation. The proposed dissociative long-range electron transfer 
mechanism initiated directly from [CoI] in PceA as well as the cobalt-halogen chemistry in 
NpRdhA clearly differ from classical cobamide-dependent biochemistry in enzymatic systems 
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(Banerjee and Ragsdale, 2003; Gruber et al., 2011; Bridwell-Rabb and Drennan, 2017a). The 
distantly related QueG was shown to share the conserved electron transfer chain via the two 
[4Fe-4S] cluster to the ‘base-off’ aquocobamide cofactor described for RDases. In contrast, the 
protein environment and its active site show major differences (Payne et al., 2015b; Dowling 
et al., 2016). Here, the substrate binding pocket allows for the access of the substrate to the 
cobalt ion. Structural and spectroscopic analysis of QueG from S. thermophilus and B. subtilis 
propose a nucleophilic attack of the [CoI]-state of the cobamide cofactor leading an alkylation 
(Payne et al., 2015b; Dowling et al., 2016). Thus, the proposed RDase-mechanisms for PceA 
and NpRdhA appears to be unique also among other cobamide-containing iron-sulfur proteins. 
It would be interesting to see whether QueGs would be able to utilize organohalides such as 
PCE and how they would do this.  
What all RDases have in common, is the protonation step in the halogen substitution reaction, 
which is necessary to replace the eliminated halogen substituent. A highly conserved tyrosine 
and arginine/lysine pair in the active sites of PceA and NpRdhA was found to be ideally 
positioned with the hydroxyl group of the tyrosine and the stabilizing positive charge of the 
arginine (PceA) / lysine (NpRdhA) in close distance towards the substrate above the cobamide 
cofactor allowing for proton donation (ch. 2.1; ch. 2.3; ch. 2.4; Payne et al., 2015a). Exchange 
of both residues in the Y426F and K488Q mutants of NpRdhA, respectively, led to a complete 
loss of the dehalogenating activity (Payne et al., 2015a). The introduction of mutations into 
PceA of S. multivorans is hardly practicable, and its heterologous production in E. coli BL21 
(Neumann et al., 1998) or S. blattae (data not shown) resulted in nonfunctional apoprotein. 
Instead, the chloroethene-utilizing PceA of D. hafniense Y51 (Suyama et al., 2002) could be 
functionally produced in S. blattae and subjected to site-directed mutagenesis. Also here, 
replacement of the tyrosine homolog completely hampered its dehalogenating activity. While 
the homologous R357Q mutant remained active, replacement of the arginine against glutamate, 
which is lacking a positive charge, abolished chloroethene-conversion ability. This supports the 
stabilizing function of the arginine in the protonation reaction of the tyrosine also in PceAY51, 
but reveals a more flexibility in the type or position of the positive charge in the active site. A 
tyrosine resembling the one in RDases was also found in the crystal structures of QueGs (Payne 
et al., 2015b; Dowling et al., 2016). However, it does not seem to be involved in the reaction 
mechanism. Instead, an asparagine is located close by and ideally positioned in close distance 
to the cobalt-carbon/substrate bond and expected to deliver the two protons required for epoxide 
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reduction (Schrauzer and Windgassen, 1967; Dowling et al., 2016). Knock-out of the 
asparagine showed drastically decreased product formation (Dowling et al., 2016).  
The dihaloelimination reaction found in a distinct group of organohalide-respiring bacteria 
could be clearly separated from the halogen substitution reaction by the need of a proton donor 
(ch. 2.4). The inability of the heterologoulsy produced DcaA of D. dichloroeliminans DCA1 to 
convert putative substrate intermediates produced if a halogen substitution step is involved 
within the dihaloelimination reaction, together with the maintained dihaloeliminating activity 
after knock-out of the putative proton donors in the active site excluded the involvement of 
proton transfer steps in this type of reductive dehaogenation reaction (ch. 2.4).  
 
3.3 Structural versatility in RDases reflected in substrate ranges?  
Up to date, more than 300 putative RDase genes are deposited in databases (Hug et al., 2013). 
Their broad range of protein sequences shows a high variability. Yet, this study revealed similar 
key structural and biochemical features involved in the cofactor positioning and the internal 
electron transfer chain between PceA and NpRdhA (see above). Further in silico predictions of 
the crystal structures of DcaA from D. dichloroeliminans DCA1 and PceA from D. hafniense 
Y51 (PceAY51) showed highest accuracy in cofactor positioning and partially in the active site 
arrangement, supporting the assumption that these regions are conserved among RDases (ch. 
2.4). In contrast, larger differences between the crystal structures of PceA and NpRdhA were 
found in the composition and folding of the N-terminal regions that are mainly involved in the 
formation of the hydrophobic substrate channel as well as in selected amino acids involved in 
the formation of the active site (ch. 2.1; ch. 2.4; Payne et al., 2015a). In line with this, 
predictions of the substrate channel forming regions in the in silico structural models of DcaA 
and PceAY51 proved to be unreliable, due to the lack of protein sequence similarities to PceA 
and NpRdhA, which were used as templates for model generation (ch. 2.4). This diversity might 
reflect an adaptation of the various RDases to the wide range of alkyl and aryl halides serving 
as substrates, whereby an increasing protein sequence similarity in this regions might indicate 
overlapping substrate spectra. Indeed, RDase protein sequences weakly align in clusters placing 
all RDases in four groups converting either halogenated alkenes, aryl halides, halogenated 
alkanes in a halogen substitution reaction or haloalkanes in a dihaloelimination reaction (for an 
alignment with selected representatives of each group see appendix p. xi and pp. lx-lxiv). 
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Nevertheless, there are still large sequence differences within each group, as for PceAs the 
protein sequence similarities range from 99% to 27% (see references Tab. 1.1). Vice versa, high 
sequence similarity does not necessarily mean that the RDases share a common substrate 
spectrum or a common pattern in product formation (ch. 2.4; Buttet et al., 2013; Alfán-Guzmán 
et al., 2017). To get a global overview structure-function relationship analysis was further 
expanded towards a haloalkane dehalogenating RDase and a respiratory aryl halide converting 
RDase next to the nonrespiratory aryl halide converting NpRdhA, the haloalkene utilizing 
PceAs of S. multivorans and D. hafniense Y51, and the dihaloeliminating DcaA investigated in 
this study so far. Therefore, the in silico structural models of the chloroform and 1,1,1-
trichloroethane RDase (CtrA) from Desulfitobacterium sp. strain PR and of the chlorophenol 
RDase (CprA) from D. dehalogenans were generated using the iTASSER server for protein 
structure and function prediction (Fig. 3.3; Zhang, 2008; Roy et al., 2010).  
 
 
 
Figure 3.3: In silico structural models of the active site cavities and electron transfer chains of 
CtrA of Desulfitobacterium sp. PR (A; C-score: 0.15) and CprA of D. dehalogenans (B; C-
score: 0.83). The cobamide shown in CtrA is norpseudo-B12, since this is the natural cofactor 
of PceASmul (ch. 2.1; Kräutler et al., 2003), which was used as template for model generation. 
For CprA the crystal structure of NpRdhA (Payne et al., 2015a) was mainly used in model 
generation, thus cobalamin was incorporated as cobamide cofactor. The highly conserved 
tyrosine and arginine/lysine positions are depicted in green, the cobamide cofactor in pink and 
the [4Fe-4S] clusters in yellow/orange. Due to the lack of sequence similarity, prediction of the 
in silico model of CtrA was partially difficult and only reliable amino acid residues involved in 
active site formation are shown.  
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In general, the active sites of RDases converting alkyl halides have smaller dimensions than the 
active sites of aryl halide utilizing RDases and according to PceA from S. multivorans, are 
restricted to smaller substrates up to the size of monoaromatic organohalides (ch. 2.3). In the 
same way, the entrance of the substrate channel in the chloroethene converting PceA of S. 
multivorans is defined by a small letterbox entry (ch. 2.1), while access to the 
bromohydroxybenzoate-utilizing NpRdhA seems to be less restricted (Payne et al., 2015a). 
Dihaloelimating DcaAs as well as RDases converting haloalkanes in a halogen substitution 
reaction share similar dimensions in the active site like PceAs. The substrate binding pockets 
in these RDase groups are characterized by mainly aromatic and hydrophobic amino acids with 
tryptophanes, phenylalanines and tyrosines as the more frequently conserved residues.  
The active site arrangements of PceA of S. multivorans and D. hafniense Y51 look highly 
similar although they share only 28% protein sequence similarity, indicating a partially 
conserved active site among all PceAs (ch. 2.4). On the other hand, PceAY51 and PceA of D. 
hafniense PCE-S share 98% protein sequence identity and the same amino acids involved in 
the active site formation (see appendix pp. lx-lxiv), but they still show different patterns in 
product formation. While PceAY51 is limited to cis-1,2-DBE formation from TBE (ch. 2.4), 
PceAPCE-S was described to dehalogenate TBE to all isomers of DBE and subsequently further 
to vinyl bromide and ethene (Ye et al., 2010). Thus, further structural elements have to be 
involved in substrate binding or the reaction mechanism that causes different substrate spectra 
and dehalogenation patterns. Furthermore, PceA of S. multivorans shares 92% protein sequence 
identity with PceA of S. halorespirans and with PceATCE from the enriched Sulfurospirillum 
sp. SL2 (Neumann et al., 1996; Luijten et al., 2003; Buttet et al., 2013; Goris et al., 2017). 
However, while the first two PceAs convert PCE via TCE to cis-1,2-DCE, the latter enzyme 
accumulates TCE as end product. Comparison of their protein sequences and their in silico 
structural models revealed two amino acid exchanges in the active sites between 
PceASmul/PceAShaf and PceATCE, namely the replacement of Phe38 by Leu and of Thr242 by Ala 
(data not shown; for comparison see active site of PceASmul in ch. 2.1). It remains to be tested 
if these residues might be involved in substrate binding by using comparable site-directed 
mutagenesis. In general, most haloalkene converting RDases stop PCE dehalogenation at cis-
1,2-DCE. It was suggested, that the enzymes are not able to overcome the barrier of the high 
energy level required for further dehalogenation (ch. 2.4; Liao et al., 2016). However, the VcrA 
of D. mccartyi VS is known to catalyze the halogen substitution of 1,1-DCE and its 
dehalogenation product VC further to ethene (Müller et al., 2004; Parthasarathy et al., 2015). 
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This is so far the only RDase known, which binds the cobamide cofactor in the ‘base-on’ 
conformation (Parthasarathy et al., 2015). Isolated ‘base-on’ cobamides were described to have 
lower midpoint redox potentials for the [CoII]/[CoI] couple than ‘base-off’ cobamides (Banerjee 
et al., 1990). The redox properties of the cobamide cofactor bound to VcrA have not yet been 
determined. However, it is feasible, that the redox potential of the VcrA-bound ‘base-on’ 
cobamide is also lower compared to the so far described RDase-bound ‘base-off’ cobamides 
(see above). This might probably lead to different catalytic properties that can overcome the 
energetic barrier to dehalogenate DCE and VC. It is not known, whether the ‘base-on’ 
conformation of the cobamide cofactor might be a general feature for dichloroethene and vinyl 
chloride utilizing RDases. So far VcrA is the only protein for this substrate class that was 
biochemically characterized in more detail.  
So far it was assumed that RDases catalyzing dihaloelimination reactions represent a distant 
group of these enzymes. However, DcaAs align with high scores to PceAY51-like haloethene 
utilizing RDases and the active site architectures of both RDase groups look highly similar (ch. 
2.4). In this study DcaA of D. dichloroeliminans DCA1 was shown to catalyze both types of 
dehalogenation reactions depending on the substrate. Next to the dihaloelimination of 
halogenated alkanes, the enzyme was able to perform halogen substitution reactions like 
described for PceAs using halogenated ethenes as substrates. This raises the question why the 
highly similar PceAY51 does not show a similar substrate range and is not also able to perfom 
enzyme-dependent dihaloelimination reactions. However, with the methods applied here, this 
could not be clarified. Marzorati and coworkers identified two small and defined regions, where 
most of the sequence differences between DcaAs and PceAs are concentrated (2007). Further 
amino acid exchanges in these regions might be necessary to identify key elements for 
dihaloelimination reactions. In contrast, VcrA was shown to convert 1,2-DCA in a 
dihaloelimination reaction next to the halogen substitution of DCE and VC (Parthasarathy et 
al., 2015). Within the active site, DcaAs can only be differentiated from PceAs if a histidine is 
found at the highly conserved tyrosine position, as shown for DcaA from the 1,2-DCA 
dihaloeliminating Dehalobacter sp. WL (Grostern and Edwards, 2009) and for further putative 
DcaA proteins detected in dihaloeliminating enrichment cultures (Marzorati et al., 2010; 
Merlino et al., 2015). Whether these enzymes are also able to perform dihaloelimination and 
halogen substitution reactions in parallel remains to be tested. Exchange of the Tyr298 in DcaA 
of D. dichloroeliminans DCA1 against His still showed about 30% of its original halogen 
substitution activity next to 100% dihaloeliminating activity (ch. 2.4). So far, no PceA was 
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found that is lacking the tyrosine residue (see appendix p. xi, pp. lx-lxiv) and the mutant 
Tyr298His from PceAY51 complete lost its activity (ch. 2.4). In contrast to DcaAs, CtrA from 
Desulfitobacterium sp. PR is known to convert 1,1,2-TCA and 1,2-DCA in a halogen 
substitution reaction rather than via dihaloelimination. The trichloromethane RDase of 
Dehalobacter sp. strain UNSWDHB is even able to reduce a single substrate, 1,1,2-TCA, either 
via dihaloelimination to VC or via halogen substitution to 1,2-DCA (Wong et al., 2016). In 
general, chloromethane-converting RDases have similar dimensions in their active sites 
compared to PceAs and DcaAs, but display major differences in the protein sequences (Fig. 3.3 
A). Thus, prediction of defined amino acids involved in the formation of the active site in CtrA 
was not always unambiguously assignable. In this RDase group the highly conserved tyrosine 
is replaced by a cysteine or phenylalanine (see appendix pp. lx-lxiv; Wong et al., 2016; Tang 
and Edwards, 2013; Ding et al., 2014). In addition, a highly conserved asparagine involved in 
cobamide binding in PceAs and DcaA is exchanged against alanine or serine in chloromethane 
converting RDases (ch. 2.1; ch. 2.4; see appendix pp. lx-lxiv). Whether these residues are 
involved in the halogen substitution reaction of haloalkanes or in substrate positioning in the 
active site remains to be elucidated. Another tyrosine in close proximity might be able to 
function as the proton donor in these RDases.  
The in silico active site structural model of the CprA from D. dehalogenans, as representative 
of an aryl halide specialized respiratory RDase, shows high similarity to the non-respiratory 
NpRdhA (Fig. 3.3B; Payne et al., 2015a). In both RDases amino acids involved in the active 
site formation are located in similar positions in the protein backbone like in PceAs. However, 
their active sites are shaped by mainly smaller, short-chained residues, instead of aromatic 
amino acids like in alkyl halide converting RDases, thus forming a larger active site that allows 
for the uptake of bigger aryl halides as substrates. This might be a general feature only for aryl 
halide utilizing RDases. The mutant W118F of DcaA mimics an only slightly larger active site 
volume by expanding the active site towards the ceiling. Thus, the halogen substitution as well 
as the dihaloelimination activity in DcaA was drastically decreased, underlining the necessity 
of a smaller active site for correct positioning of smaller alkyl halides as substrates (ch. 2.4). 
The highly conserved tyrosine and arginine/lysine pair is thereby located at the same position 
in CprA and NpRdhA like in PceAs and ensures the proton transfer step during halogen 
substitution. While all alkyl halide converting RDases encode for an arginine at the highly 
conserved position, the presence of a lysine seems to be restricted to aryl halide utilizing RDases 
(see appendix pp. lx-lxiv). Exchange of the Arg357 in PceAY51 against Lys led to significantly 
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higher turnover rates for the larger brominated ethenes, but drastically decreased conversion 
rates for smaller chlorinated analogs (ch. 2.4). Therefore, the presence of a lysine might 
furthermore support conversion of larger aromatic substrates in aryl halide converting RDases. 
In this study several differences in the protein sequences could be highlighted, which might 
allow for a cautious assignment of so far uncharacterized putative RDases to their possible 
substrate classes. Basically three different modes of active site arrangements for RDases were 
found, one mode for PceAs and DcaAs, one type for RDases converting haloalkanes in a 
halogen substitution reaction and one mode for larger aryl halide converting RDases. And in 
case of the presence of a histidine at the highly conserved tyrosine position, DcaAs could be 
differentiated from PceAs. Nevertheless, predictions of substrate spectra of so far unknown 
RDases solely based on protein sequence or structural model comparison have to be considered 
with caution, since their might be overlapping substrate ranges. Monoaromatic benzenes and 
phenols as substrates might thereby represent an intermediate size fitting into the active sites of 
PceAs and aryl halide converting RDases. Over 20 years, PceA of S. multivorans was described 
to be restricted to the dehalogenation of alkyl halides including halogenated ethenes and 
propenes (Neumann et al., 1996; Neumann et al., 2002; Ye et al., 2010). However, in this study 
the enzyme was shown to convert also bromophenols (ch. 2.3). The other way around might be 
possible for the tetrachlorobenzene RDase from Dehalobacter sp. strain TeCB1 that was shown 
to convert tetra-and trichlorobenzene, although the protein shares 95% protein sequence identity 
with PceAY51 (Alfán-Guzmán et al., 2017). Whether the enzyme is also able to convert 
haloethenes was not tested. Furthermore, it could have been shown that already minimal 
changes in the active site, like conservative single amino acid exchanges in DcaA and PceAY51, 
led to significant shifts in the substrate spectrum (ch. 2.4). Even if an organism is not growing 
on individual organohalides, the isolated RDase protein might be able to convert it, as shown 
for haloethenes in DcaA of D. dichloroeliminans DCA1 (ch. 2.4; De Wildemann et al., 2003). 
Although isolated PceA of S. multivorans was shown to convert bromophenols with high 
specific activities, the organism is not able to use it as growth substrate (data not shown). 
Therefore, substrates from all classes have to be tested in activity assays to elucidate the 
substrate range of a new found RDase. This should also include representatives of all types of 
halogen substituents, since some RDases, like PceA of S. multivorans, might prefer brominated 
or iodinated substrates over their chlorinated analogs (ch. 2.3). So far, no RDase was found that 
is able to convert fluorinated organohalides. The strong carbon-fluorine bond appears to remain 
persistent against cobamide-mediated catalytic mechanisms. Only very few dehalogenating 
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enzyme systems have been described to reduce organofluorides, e.g. the 4-fluorobenzoate 
utilizing ATP-dependent class I benzoyl-CoA reductase (Tiedt et al., 2016). Further systematic 
structural analysis of relevant RDases as well as systematic analysis of RDase substrate spectra 
including all substrate classes will be necessary to fully understand the flexibility and versatility 
of these enzymes and to identify the structural determinants that define substrate preferences or 
also reaction mechanisms.       
 
 
The fact that the reductive dehalogenation by PceA of S. multivorans can be coupled to light-
driven electrochemical reactors offers an opportunity for future application of RDases in 
bioremediation of contaminated sites. Successful bioaugmentation of a tetrachloroethene-
contaminated field site was shown using the KB-1 consortium, which contains mainly 
Dehalococcoides spp. and Geobacter spp. (Duhamel et al., 2002; Major et al., 2002; Duhamel 
and Edwards, 2006). A direct application of the RDases in the field or their use as biochemical 
sensors would be a great alternative to expand bioremediation approaches. We were able to 
identify variable substrate binding regions, which may be exploited to combine different 
RDases and thus broaden the substrate spectrum for application in different contaminated sites. 
However, further protein engineering and design of optimized RDases will be necessary to 
realize this vision. A better in-depth understanding of cobamide utilization in RDases will 
thereby facilitate the functional production of different so far uncharacterized RDases or can be 
directly applied for stimulation of bioremediation by native dehalogenating communities at 
contaminated sites. 
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SUPPORTING INFORMATION 
 
 
NMR data (extended) 
 
Structure analysis of the 6-OHBza-N-α-ribofuranosyl moiety of 6-OHBza-norcobamide. 
All norcobamide (NCba) structures were analyzed by NMR spectroscopy with focus on the 
various benzimidazoles incorporated during the cultivation experiments. In the following, the 
structure analysis of the 6-OHBza-N-α-ribofuranosyl moiety of 6-OHBza-NCba is described as 
a typical example (Fig. S1-8). In an analogous manner the structures and chemical shifts of the 
5-OMeBza-NCba (Fig. S9-14), the 5-MeBza-NCba (Fig. S15-20), and the 6-MeBza-NCba 
(Fig. S21-26) have been worked out. 
The 1H NMR spectrum showed six signals in the low field range, three of them attributable to 
an aromatic AMX spin system. However, a deviation of the chemical shifts compared to the 
literature (1) was observed and thus the structure was elucidated de novo.  Starting point was a 
1H-13C HSQC cross signal at δH 6.17, m/δC 86.6 (Fig. S6), which was assigned to position 1’ of 
the α-ribofuranose moiety. By means of 1H-1H DQFCOSY, selective 1H-1H TOCSY (offset on 
H-1’) and 1H-13C HSQC all remaining positions of the α-ribofuranose were assigned (Fig. S4) 
The 1H-13C HMBC (Fig. S7) correlation of H-1’ with C-2 (δC 141.8) was proving the connection 
of the α-ribofuranosyl with the benzimidazolyl part. In order to elucidate the position of the 
hydroxyl group at the benzimidazole, a 1H-1H ROESY experiment was conducted (Fig. S8). 
Correlation of H-1’ with the broad singlet of H-7 (δH 6.80) was observed, and 1H-13C HSQC 
revealed the corresponding C-7 at δC 96.8.  Furthermore, H-4’ (δH 4.02, m) showed a ROE-
correlation to H-2 (δH 7.03), indicating that the α-ribofuranosyl and benzimidazolyl systems 
2.2 Supplementary information                APPENDIX 
 
xix 
 
have a perpendicular orientation towards each other. Because no 1H-1H DQFCOSY correlation 
of H-7 was observed, the position of the hydroxyl group in the benzimidazolyl moiety had to 
be in position 6. The remaining protonated positions of the benzimidazole were assigned from 
1H-13C HMBC and 1H-1H DQFCOSY correlations, respectively. 1H-13C HMBC correlations 
from H-7 revealed the chemical shifts of position 5 (δH 6.73, d, 3JHH=8.9 Hz /δC 113.2) and 
position 9 (δC 132.2). H-4 (δH 6.49, d, 3JHH=8.9 Hz) was determined from a 1H-1H DQFCOSY 
correlation with H-5.  The corresponding 13C chemical shift C-4 (δC 117.4) was determined by 
1H-13C HSQC. The 13C chemical shifts of position 8 (δC 132.5) and 6 (δC 153.7) were 
determined from the 1H-13C HMBC correlation with H-4. Finally, the 1H-13C HMBC correlation 
of H-2 with C-8 and C-9, the evidence for the linkage of the imidazolyl moiety with the phenyl 
moiety of benzimidazole, completed the structure elucidation of the 6-OHBza-NCba. 
 
References: 
1. Crofts TS, Hazra AB, Tran JL, Sokolovskaya OM, Osadchiy V, Ad O, Pelton J, Bauer 
S, Taga ME. 2014. Regiospecific formation of cobamide isomers is directed by CobT. 
Biochemistry 53:7805-7815. 
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Supplementary Table 1. Data collection and refinement statistics  
 
 
 
PceA harbouring  
6-OHBza-norcobamide 
PceA harbouring  
5-OMeBza-norcobamide 
   
         Data Collection PETRA III P11 HZB-MX 14.1 
Wavelength 0.9184 0.9184 
Resolution range 36.1  - 1.59 (1.65  - 1.59) 39.8  - 1.60 (1.66  - 1.60) 
Space group P 41 P 41 
Unit cell (Å, °)  73.6 73.6 184.7 90 90 90 73.6 73.6 185.3 90 90 90 
Unique reflections 129361 (12146) 129127 (12767) 
Multiplicity 13.2 (12.6) 13.8 (13.6) 
Completeness (%) 99 (93) 100 (99) 
I/sigma(I) 14.9 (1.9) 19.0 (1.7) 
Wilson B-factor 19.0 20.2 
R-merge 0.114 (0.931) 0.098 (1.57) 
R-pim 0.033 (0.270) 0.027 (0.436) 
CC1/2 1.00 (0.80) 1.00 (0.62) 
Refinement   
R-work 0.152 (0.257) 0.151 (0.260) 
R-free 0.177 (0.285) 0.172 (0.289) 
Number of non-H atoms 7945 7820 
      macromolecules 6838 6843 
      ligands 243 251 
      solvent 864 726 
Protein residues 862 865 
RMS(bonds, Å) 0.007 0.007 
RMS(angles, °) 0.93 0.93 
Ramachandran favored 
(%) 98 98 
Ramachandran outliers 
(%) 0 0 
Rotamer outliers (%) 0 0 
Clashscore 2.7 2.4 
Average B-factor 26.5 26.2 
      macromolecules 25.5 25.4 
      ligands 21.7 21.7 
      solvent 36.0 35.1 
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Fig. S1: Chemical shifts (δH red, δC blue) of the 6-OHBza-N-α-ribofuranosyl-fragment and the 
1H-1H ROESY key correlations for determination of the position of the hydroxyl group.  
 
 
 
 
 
Fig. S2: 1H-NMR spectrum of the 6-OHBza-NCba. 
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Fig. S3: 1H-SELTOCSY spectrum of the α-ribofuranosyl moiety (red) of the 6-OHBza-NCba 
compared to the 1H-NMR spectrum (black) of the 6-OHBza-NCba. 
 
 
 
 
 
Fig. S4: 1H-1H DQFCOSY spectral detail of the α-ribofuranosyl unit of 6-OHBza-NCba with 
SELTOCSY spectra as projections. 
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Fig. S5: Full 1H-1H-DQFCOSY spectrum of the 6-OHBza-NCba. 
 
 
 
Fig. S6: 1H-13C HSQC spectrum of 6-OHBza-NCba. 
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Fig. S7: 1H-13C HMBC spectrum of the 6-OHBza-NCba. 
 
 
 
Fig. S8: 1H-1H ROESY spectrum of the 6-OHBza-NCba. 
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Fig. S9: Chemical shifts (δH red, δC blue) of the 5-OMeBza-N-α-ribofuranosyl-fragment.  
 
 
 
 
Fig. S10: 1H-NMR spectrum of the 5-OMeBza-NCba. 
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Fig. S11: 1H-1H-DQFCOSY spectrum of the 5-OMeBza-NCba. 
 
 
 
Fig. S12: 1H-13C HSQC spectrum of 5-OMeBza-NCba. 
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Fig. S13: 1H-13C HMBC spectrum of the 5-OMeBza-NCba. 
 
 
 
Fig. S14: 1H-1H ROESY spectrum of the 5-OMeBza-NCba 
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Fig. S15: Chemical shifts (δH red, δC blue) of the 5-MeBza-N-α-ribofuranosyl-fragment.  
 
 
 
 
 
Fig. S16: 1H-NMR spectrum of the 5-MeBza-NCba. 
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Fig. S17: 1H-1H-DQFCOSY spectrum of the 5-MeBza-NCba. 
 
 
 
Fig. S18: 1H-13C HSQC spectrum of 5-MeBza-NCba. 
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Fig. S19: 1H-13C HMBC spectrum of the 5-MeBza-NCba. 
 
 
 
Fig. S20: 1H-1H ROESY spectrum of the 5-MeBza-NCba. 
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Fig. S21: Chemical shifts (δH red, δC blue) of the 6-MeBza-N-α-ribofuranosyl-fragment. 
  
 
 
 
Fig. S22: 1H-NMR spectrum of the 6-MeBza-NCba. 
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Fig. S23: 1H-1H-DQFCOSY spectrum of the 6-MeBza-NCba. 
 
 
 
Fig. S24: 1H-13C HSQC spectrum of 6-MeBza-NCba. 
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Fig. S25: 1H-13C HMBC spectrum of the 6-MeBza-NCba. 
 
 
 
Fig. S26: 1H-1H ROESY spectrum of the 6-MeBza-NCba. 
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Fig. S27: PCE-dependent growth of S. multivorans in the presence of different 
benzimidazoles. 
 
 
Fig. S28: HPLC-elution profiles of NCbas extracted from PceA purified from S. multivorans 
GD21 cultivated in the presence of either 5-MeBza, 5-OHBza, or 5-OMeBza. The first 
chromatogram shows a norpseudovitamin B12 standard. The designations of the signals refer to 
the cobamides identified in the respective cell types (see Fig. 1C). The specific activities of the 
purified PceA enzymes were as follows: +5-MeBZa, 687 nkat/mg; +5-OHBza, 1504 nkat/mg; 
+5-OMeBza, 1056 nkat/mg. 
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Cobamide-mediated enzymatic reductive dehalogenation via long-range 
electron transfer 
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